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3Abstract
This thesis investigates electro-mechanical generator systems which harvest energy from an
aquatic environment. Such systems are needed to create maintenance-free sensor platforms for
use in autonomous wireless sensor networks which have applications in water quality monitoring.
Many energy harvesting mechanisms specic to an aquatic environment already exist but the
majority of them have been developed for use in renewable energy generation schemes for large-
scale electrical power generation. Energy harvesting, however, remains focused on the miniature
scale aiming to generate enough power to run a wireless sensor node. This work therefore
focuses on the identication, analysis, prototyping and miniaturization issues of existing marine
wave-based energy converters. The analysis of dierent possible energy harvesting mechanisms
is performed and their power densities are investigated as a function of their size.
In order to be able to maximize the power density of the chosen energy harvester under all
operating conditions, expressions have been derived for a generalized load impedance which
optimizes the generator damping and resonant frequency, through changes in load resistance
and reactance. Within this maximization, an AC/DC H-bridge converter is simulated as an
interface between the harvester and its load. This converter is designed to mimic the required
generalized load impedance and tune it so that the entire system adapts to the external working
frequency. A prototype of the energy harvester was designed and tested.
Based on the observation of a natural whistle made of a doubly clamped blade of grass that
produces sounds when it is blown on, a MEMS harvester extracting energy from vortex-induced-
vibrations was designed. The study of its feasibility as an energy harvester and the determination
of its dimensions at a microscopic scale are interesting as it presents a new way of extracting
energy using an electromagnetic transduction mechanism and a manufacturing advantage. A
prototype of a generator harvesting energy from Vortex-Induced-Vibrations was developed using
conventional engineering processes.
"It's not because things are dicult that we don't dare; it's because we don't dare that things
are dicult."
Lucius Anneus Seneca
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Chapter 1
Introduction
1.1 The Need of Energy Harvesting in an Aquatic Environment
The growth of the world's population has impacted the demand for clean water resources. Main-
taining an adequate availability of fresh water is believed to be one of the greatest environmental
challenges we will have to cope with in the near future [1]. It is becoming more dicult to provide
fresh water for drink and at the same time water is increasingly exposed to pollutants.
However, existing water quality monitoring systems still rely on manual water samples. The
process is dicult and is not optimized for detecting water pollution or spills eciently. To fa-
cilitate better management and use of fresh water resources, an autonomous and real-time water
quality monitoring system is required. A pre-requisite for this monitoring is the deployment of a
network of autonomous, mobile and wireless nodes, each supporting a platform of sensors. The
nodes of such a system are likely to require some energy-harvesting micro-generators in order to
achieve low or zero maintenance for a signicantly increased autonomy because of the remote
environment.
The European Project MOBESENS (Mobile Water Quality Sensor System) from the Frame-
work Programme 7 aimed precisely at providing a modular and scalable ICT (Information and
Communication Technologies) based solution for real-time water quality monitoring.
Among the requirements, the solution had to cover a large aquatic area, be autonomous, mobile
and scalable in space, acquire information from its sensors, pre-process the data and transmit
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them to a remote station for processing, interpretation and real-time online diusion. Within
this European project, a network of nodes each with a platform of sensors, a communication
system and a power supply with an embedded energy-harvester (Figure 1.1) was to be launched
in a large water area.
Figure 1.1: Project view of a deployment of the MOBESENS system (adapted from [2]).
This project required a multidisciplinary approach involving four dierent areas of research and
an integration into a prototype. The dierent areas of research involved are the conception of
water pollution chemical sensors based on new technologies, the management of the communica-
tion between the nodes despite their mobility and their position estimation, the implementation
of a specic data fusion system that provides a complete interface between the gathered real-
time measurements plus locations of the nodes and the organizations or agencies interpreting
these data, and the power supply of the nodes using energy harvesting to lessen the need for
maintenance once launched into the water. Among the given deliverables, the study, design, pro-
totyping and integration of smart micro-systems specialized in harvesting energy from ambient
renewable sources of energy to provide power were indeed some of the main objectives.
This thesis is incorporated within the framework of energy harvesting power supplies for water
quality monitoring platforms.
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1.2 Presentation of the Thesis
1.2.1 Research Objectives
The rst research objective of this thesis is to nd the optimal energy harvesting mechanism in
an aquatic environment in order to provide micro-scale power to a wireless and mobile platform
for water quality monitoring. The second research objective is to develop a new structure of
electromagnetic energy harvester based on Vortex-Induced Vibrations.
1.2.2 Motivation
The nodes of the MOBESENS project are expected to carry out water pollution measurements
and transmit regularly to a base station the data and their location. This network of platforms
is mobile and autonomous, as shown in Figure 1.1. The nodes are expected to operate simul-
taneously on a specied water area then track and possibly follow potential chemical spills or
leakage.
Figure 1.2: Potential sources and energy demand for a MOBESENS system.
Batteries have nite energy and therefore must be changed regularly and this reduces the au-
tonomy of the platforms. The main motivation is thus to develop an energy-harvester structure
that directly converts the energy extracted from the environment of the node into useful elec-
trical power. The power density will be lower than the power density of a battery but the main
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advantage is to suppress the maintenance of the power supply and thus to increase the autonomy
of the nodes launched on water. The main energy needs of these platforms are identied and
presented in Figure 1.2. Various sizes of harvesters were investigated as dierent platforms were
of dierent sizes.
This research objective is motivated by a need of solving issues that occur specically in the
manufacturing of electromagnetic energy harvesters at a microscopic scale, where sliding and
rotation movements are dicult to implement. The new structure reaches its objective because
it enhances the reduction of the number of layers needed in the fabrication process.
1.2.3 Approach
The approach starts with a review of existing harvesting mechanisms directly or indirectly
suitable for providing power to a water quality monitoring platform.
Figure 1.3: Formalized design ow for energy harvesting systems.
As presented in Figure 1.3, the method begins with the choice of the source of energy. As
the choice of the conversion architecture heavily depends on the energy source, an exhaustive
classication of harvesting mechanisms is presented in Figure 1.4. The harvesting mechanism
can be considered as an association of an energy capture topology and transducer type. The
transducer type concerns the dierent types of electromechanical conversions that are possible.
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For the second research objective, the approach starts with xing a source of energy and consid-
ering a device interacting with this source of energy. The fabrication of the device is constrained
and the application is not necessarily limited to energy harvesting. Then the structure of the
transducer that will convert the mechanical energy into electrical energy has to fulll a con-
straint of simplicity as the device is designed to be built using MEMS processes. This implies
that rotating and sliding movements must be kept to a minimum in the design of the transducer.
1.2.4 Contribution
Since the energy harvester extracts energy directly from its surrounding environment, the rst
contribution was to identify the dierent sources of energy that are available for a water quality
monitoring platform able to operate in dierent aquatic environments such as lake, lagoon, river
or coastal environment.
Among existing power supply solutions, no such energy-harvesting micro-generator able to pro-
vide power for a water quality monitoring platform given the contraints of eciency, mobility
and size of the MOBESENS project were found to exist.
It emerged that power supply solutions already exist but for dierent applications, for example
for large-scale power generation from wave ocean energy or for biomimetic micro robot ( [3]
and [4]). The search of existing harvesting mechanisms specic to an aquatic environment was
consequently widened. A review of harvesting mechanisms specic to sources of energy found in
an aquatic environment is given in Chapter 2. The dierent sources of energy and power supply
solutions harvesting energy from these sources are listed in Figure 1.4. Electromagnetic wave
energy is not included in this work.
The great majority of the designs specic to an aquatic environment highlight three main con-
straints. First the natural environment is hostile because sea water is corrosive as the salt
concentration is high, the marine life and aquatic ora cause damage. For example, salt water
induces gripping of mechanical hinges, bird droppings can cover a solar panel and the develop-
ment of algae can prevent a turbine from rotating. Second, the risk of damage is greater in a
sea environment than in a terrestrial environment as the occurrence and the violence of storms
are higher. Therefore systems that are supposed to be launched in an aquatic environment
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Figure 1.4: Classication of harvesting mechanisms.
1.2 Presentation of the Thesis 31
must be especially robust. Third and last, the maintenance and installation costs are on average
higher because both are more dicult to conduct in water. A focus is given to energy harvesting
mechanisms specic to surface waves as oceans are considered to be one of the most important
source of renewable energy on Earth.
The goal was to justify the choice of an energy harvesting mechanism given the constraints of
the MOBESENS project. Adapting an existing harvester from the energy harvesting domain,
miniaturizing a mechanism chosen from the existing mechanisms reported in the literature or
combining dierent solutions was raised. A comparison between dierent surface wave energy
harvesting mechanisms is performed in Chapter 3. An energy harvesting structure is chosen for
the MOBESENS project and simulations of output power are performed.
After the choice of energy harvesting structure, there remains a need inside the energy harvest-
ing complete system to interface the energy harvesting generator with its load using a power
management circuit. The role of the power management circuit is to maximize the power trans-
fer between the energy harvesting generator and its load. The model for this optimization is
developed in Chapter 4 and an H-bridge converter structure is chosen for the power management
circuit. Simulations of the complete system with an H-bridge converter validate the model. A
mechanical prototype for an energy harvester is built and interfaced with the H-bridge converter.
Tests in a real aquatic environment were performed.
In Chapter 5 a new structure of electromagnetic energy harvester extracting energy from Vortex-
Induced-Vibrations is developed and the expression of the natural frequency of oscillation is
determined. The main advantage of this new structure is identied. This layout reduces the
number of layers needed in the fabrication process of a MEMS harvester using electromagnetic
transduction.
The goal is then to validate the new electromagnetic energy harvesting structure presented
in Chapter 5. Experiments are performed in Chapter 6. The experiment uses conventional
fabrication processes, a prototype structure was built and dierent parameters are tested. A
prototype using MEMS fabrication processes was built for future work.
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1.2.5 Layout of the Thesis
The work presented in this thesis describes the procedure for choosing the most appropriate
energy harvesting mechanism in an aquatic environment and a practical example of implemen-
tation of power transfer optimization using the Load Adaptation principle. It also describes
a new type of electromagnetic energy harvester based on Vortex-Induced-Vibrations and the
experiments designed to validate this harvester. The work is organized into seven chapters.
Chapter 1 introduces an application of energy harvesting in mobile wireless sensor networks
dedicated to water quality monitoring and the motivation behind recent research into energy
harvesting mechanisms.
Chapter 2 provides a literature review of the recent research on kinetic and non-kinetic energy
converters in an aquatic environment as well as energy harvesting and techniques for power
management of a resonant kinetic energy harvester.
Chapter 3 analyzes the eect of scaling laws on dierent energy harvesting mechanisms and
presents a comparison between these energy harvesting mechanisms.
Chapter 4 discusses the use of a low-powered H-bridge converter placed in between the energy
harvesting generator and its load in order to maximize the power transfer.
Chapter 5 points out a topology of a homopolar generator which can be adapted to a miniaturized
electromagnetic energy harvester based on Vortex-Induced-Vibrations.
Chapter 6 presents experiments in which this new concept of electromagnetic energy harvester
is tested.
Chapter 7 summarizes the work reported in this thesis and suggestions for future work are
discussed.
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Literature Review
2.1 Introduction
The literature review mainly covers the domains of marine waves as a renewable source of energy,
ocean wave energy converters and some alternative systems, energy harvesting devices and power
management for energy harvesting systems.
2.2 Marine Waves: Renewable Source of Energy
The nature of the wave energy, the interest in wave energy and the dierent parameters for wave
characterization according to the linear theory are introduced.
The Nature of Wave Energy
Ocean waves are in general an indirect form of solar energy [5] and they are generated by blowing
winds. As the wind blows during a storm it transfers energy to oceans by generating waves of
dierent heights and periods. Among them the ones with a long period, named swells, are the
most frequently observed and are of primary interest [6].
The transport of this energy by the swells to distant shores is carried out with very little
losses and it is explained by the wave nature of the transport [7]. Closer to the shore, the
seabed gradually changes and it modies the shape of the waves thus the transported energy is
dissipated on the shore [8].
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The wave propagation can be decomposed into movements of water particles describing elliptic
paths with major and minor axes that are inuenced by the depth as presented in Figure 2.1
for three dierent cases: in deep (Figure 2.1.a ), in intermediate (Figure 2.1.b) and in shallow
(Figure 2.1.c) water.
Figure 2.1: Waves properties under deep (a), intermediate (b) and shallow (c) water (from [9]).
c0; c1; c2 are phase velocities, 0; 1; 2 are wavelengths and H0;H1;H2 are wave heights.
The closer the shore is, the shorter the wavelength is and the slower the waves are. However the
waveheight is shorter in intermediate water and longer in shallow water.
Interest in Wave Energy and Wave Power Flux
Waves in an aquatic environment (sea, lake or lagoon) constitute an attractive energy source
because of its enormous potential for power generation [7]. From the statistical observations of
real seas carried out in various sites, estimates of available natural wave energy in most oceanic
regions of the world can be provided. In [10] a diagram with open sea wave energy distribution
is presented with the wave power levels expressed in kW:m 1 crest length.
The approach for assessing ocean wave power is done by using the properties of wave propagation.
The transfer of wave energy from one point to another in the direction of the wave travel is
characterized by the power ux J . It is a power per unit of the progressing wave crest.
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In [11] an expression of the J is derived as a function of the signicant wave height H, the wave
period T , the water density  and the gravitational constant g
J =
g2
32
TH2 (2.1)
For a given wave, the power is proportional to the amplitude squared and to the wave period.
The unit commonly adopted to indicate wave power is kW:m 1.
The sea condition is the result of the superposition at given location and time of a large number
of dierent waves and is named sea state. For each sea state, an average power level can be
associated. Examples are given in Table 2.1.
Sea State H(m) T (s) P (kW:m 1)
Slight 1 6 2.4
Rough 2.5 9 22.5
Very High 6 12 173
Table 2.1: Order of magnitude for wave power ux (from [12]).
Wave power is considered attractive as the global energy potential represented by the waves
hitting all coast may be estimated to approximately 1TW, which is the same order of magnitude
as the electricity production in the world [7].
The main advantages of aquatic waves are that they are a renewable source of energy, they
have a high density power (higher than the wind), a continuous availability, and a fair level of
predictability.
On the other hand, among the drawbacks there are the high cost of installation and maintenance
of energy-extracting devices for wave power. To optimize the energy extracting process the
majority of large scale devices have to be installed in deep water. Therefore salted water and
algae accelerate corrosion and increase failure risks. Besides, as the average wave energy can
uctuate by a factor of 10 from one week to another [7], the wide range of uctuations of the
source is also a drawback. Lastly, the enormous power of the sea as seen in a storm must not
cause us to forget that, as an energy source, it is spread out over a spacial region [13].
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Parameters Characterizing a Wave
Properties of waves dier with the various depth conditions. Three types of depth can be
identied: deep (h  2 ), intermediate (2  h  h20) and shallow (h  20) with h the depth and
 the wave length (Figure 2.1).
Modelling the wave-body interaction starts with modeling aquatic waves. There exist several
wave theories approximating the behaviour of water waves [6]. The location of the studied
energy converters is assumed in deep water. It is then possible to apply the results of the
simplest theory for the waves: the Airy's wave theory or linear wave theory [6].
The two important parameters for a wave are the wave height as presented in Figure 2.2 and the
wave period (or frequency). However it was found that in practice the observed wave height did
not correspond to the average wave height but more to the average of one-third highest waves.
The name of this statistically average height is signicant wave height. Besides, a spectrum of
frequencies rather than a single frequency is usually considered in ocean engineering.
Figure 2.2: Schematic of a wave with its characteristic parameters.
In addition of these two parameters, the wave length is also a characteristic of the wave.
In [14], several wave energy conversion techniques developed in the 1980s have been described.
A recent review presenting dierent energy conversion mechanisms from energy sources available
in an aquatic environment is developed in the next section.
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2.3 Wave Energy Conversion Mechanisms
The power of an aquatic area such as a sea, a lake or a river is enormous but diuse. In order
to capture diuse energy from a hostile environment, the highest level of design thinking and a
full understanding of the hydrodynamic and engineering problem are demanded [13].
A review will be carried out next on existing wave energy mechanisms and their alternatives
as presented in Figure 1.4. A distinction is made between surface and sub-surface mechanisms
mainly because some sensor nodes may require mobility whilst others may not.
2.3.1 Surface Mechanisms
The surface mechanisms are split into four main categories: overtopping devices, oscillating
water column devices, inertial devices and surface buoyancy generating devices.
2.3.1.1 Overtopping Device
The propagation of waves results in a succession of crests and troughs. The ramp of this wave
energy converter enables the water in the crests to be trapped into a reservoir. As shown in
Figure 2.3, the potential energy of the wave is consequently absorbed and then converted by a
low-head water turbine as the water from the reservoir falls back to the average sea level.
Figure 2.3: Top-view and side-view schematics of the Wave Dragon (from [15]).
The Wave Dragon [15] is an example of converter based on this mechanism. A prototype, shown
in Figure 2.4, with a reservoir of 55m3, was equipped with 7 turbines, each of them able to
produce 20kW.
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Figure 2.4: The Wave Dragon (from [15]).
There are three main design advantages in the structure of this mechanism. The presence of
the water reservoir is an advantage because it smoothes the ow of water in the turbine. This
represents an improvement for the issue of the uctuations of power due to the intrinsic nature of
waves. Besides the design of the reservoir also takes into account the oatability of the structure.
The presence of reectors is another advantage because it improves the lling of the reservoir by
concentrating the wave towards the reservoir. The design of the ramp, which is patented [16], is
the main advantage of the structure as it enhances the amount of water entering the reservoir.
The main disadvantage is the fact that the reectors are not retractable so they have a potential
risk of being broken during a storm.
2.3.1.2 Oscillating Water Column (OWC)
An oscillating water column (OWC) is a hollow structure partially submerged so that an air
column is trapped. Waves cause the water to rise and fall, which in turn compresses and
decompresses the air column in the capture chamber as shown in Figure 2.5. Trapped air is
allowed to ow to and from the atmosphere via a Wells turbine that rotates regardless of the
direction of the airow in the same direction.
Figure 2.5: Schematic of an on-shore oscillating water column (adapted from [17]).
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The oscillating water column can also be o-shore as shown in Figure 2.6.
Figure 2.6: Schematic of an o-shore oscillating water column (adapted from [17]).
The Limpet [17] and the Mighty Whale [18], respectively in Figures 2.7 and 2.8, illustrate the
oscillating water column principle. The Limpet is reported to drive a pair of turbines, each
of which drives a 250kW generator. The Mighty Whale is reported to provide a maximum of
110kW.
Figure 2.7: The Limpet (from [17]).
Figure 2.8: Artistic view of the Mighty Whale (from [17]).
There are two main design advantages for an oscillating water column mechanism. The rst
advantage is the fact that the oscillating water column turbine is not in direct contact with
the water. The turbine and all the moving parts of the extracting system suer less from
corrosion than if they were directly in contact with the water. The other advantage concerns
the extracting Wells turbine. It has a particular design enabling it to always rotate in the same
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direction regardless the direction of the air ow. It results in a considerable amount of kinetic
energy that can be stored in the turbine compared to a classical design and the ywheel eect
smoothes the uctuations of power that is transferred to the grid.
The main disadvantage of the system is one of the characteristics of the Wells turbine, namely
the aerodynamic stalling at high ow rates. The other disadvantage is the size of the base
structure; the volume of the air chamber that the OWC requires is large.
2.3.1.3 Inertial Devices: Linear Inertial Devices
The succession of crests and troughs can provide a sinusoidal excitation force on an energy
harvester. The waves have dierent frequencies yet it is possible to design a oating mass-
spring-damper system whose resonant frequency corresponds to an average sea state frequency
as shown in Figure 2.9.
Figure 2.9: Schematic diagram of a linear inertial device.
In Figure 2.10, the SRI buoy [19] illustrates the linear inertial conversion mechanism. It is based
on a polymer plastic, the Electro-active Polymer Articial Muscle (EPAM), that generates a
current if it undergoes a mechanical stress. When the buoy moves, the polymer acts as spring
and simultaneously as damper from which energy can be extracted. With 300g of EPAM, the
SRI wave buoy is reported in [19] to supply between 1 and 10W, depending on the sea state.
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Figure 2.10: The SRI Wave Buoy (adapted from [19]).
The main advantage of this mechanism is the fact that the moving parts of the systems are
encapsulated in the buoy and thus are relatively well protected from corrosion.
The main disadvantage is the fact that the system is not constantly operating at the resonant
frequency of the mechanism. As the waves are not a sinusoidal excitation force with a xed
frequency and a xed amplitude, the system loses eectiveness.
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2.3.1.4 Inertial Devices: Rotating Inertial Devices
Inertial devices with a rotational movement instead of a linear movement in response to the
succession of crests and troughs have also been reported. As shown in Figure 2.11, the succession
of crests and troughs induces the movements of an o-centered mass which in turn activates a
hydroelectric generator.
Figure 2.11: Schematic diagram of a rotating inertial device (adapted from [20]).
In Figure 2.12, the SEAREV [12] based on an inertial pendulum driving a hydroelectric generator
is an example of this type of wave energy conversion. The SEAREV is reported to supply an
average power of 500kW for a platform of length 25m, width 15m and height 15m.
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Figure 2.12: A SEAREV reduced prototype (from [21]).
There are three main design advantages for this energy conversion mechanism. The o-centered
mass and the energy conversion system are totally encapsulated into the buoy therefore the
system is less subject to corrosion. The buoy is designed to be able to overturn completely
without being damaged. In a stormy weather the buoy is thus more robust than an overtopping
device, for example. The presence of a hydroelectric conversion is also an advantage because it
smoothens the variations of power harvested in the waves.
The main disadvantage of this mechanism is that it also does not always operate at its resonant
frequency. As the waves are not an ideal sinusoidal excitation force and as the model is non-linear
a control system is required to improve the eciency.
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2.3.1.5 Inertial Devices: Devices Based on Gyroscopic Precession
Devices extracting energy from gyroscopic precession are a sub-category of the rotating inertial
devices. When the waves cause the buoy to oscillate, they cause the already spinning disk to
rotate and thus to drive a generator as shown in Figure 2.13. The rotation that causes the
generator to deliver power is named precession rotation.
Figure 2.13: Schematic diagram of a device using gyroscopic precession.
In gure 2.14, the Gyro-Gen [22] illustrates this particular use of gyroscopic precession. The
Gyro-Gen is reported to supply 3W for a diameter with an order of magnitude of 10 cm and a
distance between the disk and the vertical axis with the same order of magnitude.
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Figure 2.14: The Gyro-Gen (from [22]).
The principle of gyroscopic precession is widely used as an accurate position sensor. The Gy-
roMEMS domain of research has regained interest over the past two decades because of the
high possibilities of miniaturization. Among some recent applications devices such as the Wii
or the Iphone have an embedded gyroscopic miniaturized system. The principle of gyroscopic
precession can be used in the energy harvesting process.
This mechanism has three main advantages. The fact the structure of the mechanism is not in
direct contact with the water is an advantage because the mechanical parts are less subjected
to corrosion. An additional advantage is the fact that the precession rotation does not amplify
the rocking movements of the hosting vessel in which it is embedded. On the contrary, some
gyroscopic structures are currently commercialized as stabilizers for boats. The last advantage of
the gyroscopic precession is the fact that it makes the energy extracting process less dependent
from the wave direction than any other mechanisms as it rely more on the oscillations of the
host structure.
The main disadvantage is that if the device is too massive relative to the overall size of the
hosting vessel then it may have an impact on the control of the direction of the host structure.
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2.3.1.6 Surface Buoyancy Generating Devices: Floating Tethered Buoy
A forced-to-heave moored buoy or raft interacts with the propagating waves. The up-and-down
movements of the heaving body extract the wave energy by driving an electrical generator.
Numerous architectures have been tested for this wave energy conversion mechanism. In Figure
2.15, the schematic from [23] illustrates this energy conversion mechanism.
Figure 2.15: Schematic diagram of a tethered buoy wave converter (from [23]).
The Seabased buoy is one commercialized example as shown in Figure 2.16. In [24] it is reported
that for a base of 8m long, a buoy with a diameter of 3m located in place where the depth is 25m,
then the nominal power produced by the generator is 10kW at a translator speed of 0.7m.s 1
2.3 Wave Energy Conversion Mechanisms 47
Figure 2.16: The Seabased Buoy (from [25]).
The main advantage of this design is the fact that the generator and the moving parts are below
surface level which oers a protection during a storm as the seabed is not aected as much as
the sea surface.
The main disadvantage is the variations of output power. Thus there is a need for a non-linear
damping in order to decrease the variations in the output power and to optimize the energy
extraction.
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2.3.1.7 Surface Buoyancy Generating Devices: Snake Type
This oating device is composed of either one or several rafts. As the wave propagates, the
dierent elements of the oating device are successively lifted. The relative movement between
the rafts results in a torque that is consequently applied on each hinge of the device. This
mechanical energy is converted by a generator as shown in Figure 2.17. The concept is derived
from the Cockerell Raft and the Edinburgh nodding duck designed by S. Salter.
Figure 2.17: Schematic diagrams of the Pelamis (adapted from [26]).
In Figure 2.18, one example of this type of surface buoyancy generating devices is presented. The
Pelamis [27] is an articulated structure composed of four cylindrical rafts named tubular sections.
The wave-induced motion of its hinges activates a hydro-electric generator. The Pelamis has an
overall length of 150m, a diameter of 3.5m and is composed of 4 rafts. At each hinge, there is a
250kW hydro-electric generator.
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Figure 2.18: The Pelamis (from [28]).
This mechanism presents two main advantages. The rst advantage is the fact that the resistance
to the motion of the hinges is provided by inner hydraulic ram or an inner uid. It is useful
in the energy conversion process as it smoothes the power generation. The other advantage is
the fact that the reduced frontal area limits the drag forces applied on the system. The device
therefore achieves robustness in an aquatic environment.
The main disadvantage is that the length of the dierent elements is xed restricting the range
of ocean waves the device can harvest energy from.
2.3.1.8 Surface Buoyancy Generating Devices: Blanket Type
This oating device is composed of a exible sort of blanket containing a multitude of elastic
chambers as shown in Figure 2.19. As the wave propagates, the dierent chambers of the oating
device are successively lifted. A relative movement between the chambers drives the compression
and the decompression of some cells containing a closed-circuit uid. The relative movement is
transferred to the uid which then activates a generator as shown in Figure 2.20.
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Figure 2.19: Schematic design of the Wave Blanket (from [29]).
Figure 2.20: Schematic diagram the Wave Blanket.
The Wave Blanket membrane concept [29] contains a multitude of chambers whose relative
movements to one another drive the imprisoned air through a turbine. No known prototype has
been reported.
There are two advantages for this mechanism. One main advantage is the fact that the resistance
to the motion of the chambers puts into movement an inner uid. It is useful in the energy
conversion process as it smoothes the power generation. The other advantage is the fact that
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the chambers are made of a exible and elastic material. It enables the successive compressions
and the decompressions of the inner uid.
The main disadvantage is the surface occupied by the mechanism. As the frontal area is not
optimized it weakens the structure in case of a storm.
2.3.2 Subsurface Mechanisms
All subsurface mechanisms have the advantage of not causing visual disturbance. Another
advantage of the total submersion is that it is less subject to damage in case of a storm as the
proximity to the seabed decreases the impact of a storm. The main general disadvantage is
the maintenance and installation costs of these devices. Indeed because of the contact with the
water the constraints are more rigorous on any mechanical element of the device than for surface
mechanisms. The subsurface mechanisms are split into two main categories, the submerged
pressure dierential devices and the oscillating wave surge converter.
2.3.2.1 Submerged Pressure Dierential Devices
Totally submerged, the system oscillations are created by changes in the underwater pressure as
the waves propagate. The compression and decompression of the system drives a linear generator
as shown in Figure 2.21.
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Figure 2.21: Schematic diagrams of the Archimedes Wave Swing (adapted from [30]).
In Figure 2.22, the Archimedes Wave Swing (AWS) [10] is reported to supply 2MW for a cylinder
with a 9m diameter, a 38m height and a stroke of 7m.
Figure 2.22: The Archimedes Wave Swing (from [10]).
The main advantage of this device is the use of pressure dierence as source of energy. The
device is thus independent of the wave direction.
According to [31] the AWS can be approximated as a resonant second order linear model.
The main disadvantage of this mechanism is consequently the need of a controller to tune the
resonance frequency in order to enhance the power generation.
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2.3.2.2 Oscillating Wave Surge Converter
The motion of wave particles is predominantly horizontal near the seabed and close to the shore
line. The surge phenomenon describes the fact the water particles close to the seabed have a
practically horizontal movement with a continuous back and forth motion as the water depth
decreases. Totally submerged and attached to the seabed, the oscillating movement of the wave
surge converter responds to the wave propagation. The devices are formed with paddles able to
rotate around an axis that is perpendicular to the wave direction. The torque applied by the
waves on the paddles indirectly drives a generator as shown in Figure 2.23.
Figure 2.23: Schematic diagram of the WaveRoller (from [32]).
In Figure 2.24, the WaveRoller [32] illustrates this wave energy conversion mechanism. It is
reported in [33] and [34] that a prototype unit designed to generate 300kW is being tested.
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Figure 2.24: The WaveRoller during the Marine test in Orkney, Scotland (from [35]).
The main advantage of this mechanism is the use of the surge wave instead of the surface wave.
As the surge wave is more regular and less disturbed than the surface wave the variations in
power generation are smaller.
The disadvantage of this device is the fact the design makes it more dependent on the direction
of the waves. If the current changes and the wavefront axis becomes parallel to the plates, then
no motion is induced.
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2.4 Alternatives to Wave Energy Conversion
As presented in Figure 1.4 there are alternatives to wave energy conversion mechanisms in an
aquatic environment. The mechanisms relying on other kinetic sources of energy are distin-
guished from the mechanisms relying on non-kinetic sources.
2.4.1 Mechanisms Using Alternative Kinetic Energy Sources
There are three alternative kinetic energy sources to waves in an aquatic environment. Specic
mechanisms designed to extract energy from wind, tide or current are described here.
2.4.1.1 Wind: Oshore Wind Turbine Technology
Oshore wind turbines have the same type of design as onshore wind turbines as far as the wind
extraction process is concerned. The main dierence is the fact that oshore wind turbines are
expected to cope with stronger wind speeds and as the structure undergoes more constraints
than onshore \cousins" [36], these turbines have an optimized design.
One of the main advantages of wind turbine technology is the fact that the moving parts of the
mechanism are not in direct contact with water.
2.4.1.2 Current: Turbulent Flow Blanket Mechanism
This technology relies on materials which generate electricity in response to a stress. In Figure
2.25, the ow makes the piezoelectric strips to move relatively to each another because of the
shedding vortices created behind the blu body. These movements induced by the ow are
converted by the piezoelectric materials into electrical energy.
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Figure 2.25: Schematic diagram of the Energy-Harvesting Eel (adapted from [37]).
The Energy-Harvesting Eel [37], composed of piezoelectric strips, is an example of this mech-
anism. The travelling vortices created behind the blu body make the piezoelectric elements
undulate, resulting in the electromechanical transduction of the movement.
As the optimal structure is still being investigated, there are no known power generation mea-
surements for this device.
One of the main advantages of this mechanism is that it is easily scalable and relatively inex-
pensive.
One of the main disadvantages is the need for the blu body to be tuned to a variable speed of
the environment in order to produce the optimal vortices and the need to tune the orientation
of the blu body if the ow direction changes. Besides the number of transduction layers and
the layout of these layers have an impact on the stiness of the moving part of the mechanism,
thus on the power generation.
2.4.1.3 Current: Extracting Energy from Flow Induced Vibrations (FIV)
This mechanism relies on FIV but instead of using a transducer located behind the blu body
and sensitive to shedding vortices, the oscillations of blu body directly pull a linear generator
as shown in Figure 2.26.
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Figure 2.26: Schematic diagram of the VIVACE (adapted from [38]).
The VIVACE [39] is an example of this mechanism. A model is shown in Figure 2.27.
Figure 2.27: The VIVACE reduced model (from [39]).
The main advantage of this mechanism is the fact that the device is more independent from the
speed of the ow than the Energy-harvesting Eel concept.
The main disadvantage is the fact that the dimensions of the cylinder are not tunable so the
device is less ecient if the ow velocity undergoes variations.
2.4.1.4 Current: Current Turbine
The principle of wind turbines and marine current energy converters (MCEC) is similar as they
both extract energy from a uid ow. As shown in Figure 2.28 the design of the turbine and
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the coecient of performance are adapted to the uid from which it extracts power (the turbine
coecient of performance, the density and the velocity depend on the considered uid).
Figure 2.28: Schematic diagram of marine current turbine (adapted from [40]).
In Figure 2.29, the marine current turbine from the seaow project [41] illustrate this way of
harvesting renewable energy and the SeaGen [42] is one example being commercialized. The
Seaow turbine is reported to supply 100kW for a rotor with a 11m diameter. The current
driving the rotor in these examples comes from the tides, therefore there are also considered as
tidal energy converters.
Figure 2.29: A marine current turbine (from [41]).
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The main advantage is the fact the current turbines are based on a more predictable source of
energy than waves.
There are two main disadvantages. One of the disadvantages is the fact that the moving parts
are less protected from the corrosive action of the water than a mechanism that is enclosed into
a protective buoy. Consequently it may require more maintenance. The other disadvantage is
that the device does not work at its optimal eciency if the current direction changes. There is
therefore a need for a feedback control on the orientation of the blades.
2.4.1.5 Current: the Paddle Wheel
This technology relies on a paddle wheel extracting energy from currents in a river or a sea
environment. As the wave propagates or as the river ows, the paddles are lled with water and
this causes the rotation of the wheel. This rotation then drives an electric generator as shown
in Figure 2.30.
Figure 2.30: Schematic diagram of a Paddle Wheel (from [43]).
In gure 2.31, the hydro-gen marine current turbine [43] is reported to provide 10kW for a
platform of length 4.5m and width 2.3m.
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Figure 2.31: A Paddle Wheel (from [43]).
In a context of low-depth and turbulent ow the design of the paddle wheel is an advantage
because it is more stable than a turbine to extract energy from the ow.
2.4.1.6 Tidal: Water Turbine and Dam
This mechanism is based on the tidal waves as shown in Figure 2.32. The water from the tidal
waves drives the water turbine before being imprisoned behind a dam when the tide rises. When
the tide decreases, it is released smoothly driving the water turbines again as explained in [44].
Figure 2.32: Schematic of the tidal power plant of LaRance (from [45]).
A dam with water turbines (shown in Figure 2.33) had been tested at full scale in LaRance [44].
It is reported [46] that the dierence between high and low tides averages 8 metres and reaches
up to 13.5 metres. The plant is reported to contain 24 bulb type turbine generators each of
diameter 5.35 metres and of weight 470 tonnes. The plant generation is 240 MW.
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Figure 2.33: The tidal power plant of LaRance (from [46]).
The main advantage is that tidal energy is more predictable than surface waves therefore this
source of energy is more reliable.
One of the main disadvantages is the impact on the local ecosystem of the area where the dam
is installed.
2.4.2 Mechanisms Using Non-Kinetic Energy Sources
There are three alternative non-kinetic sources to wave energy in an aquatic environment. Spe-
cic mechanisms designed to extract energy from the sun, the salinity gradient and the thermal
gradient are presented here.
2.4.2.1 Solar: Photovoltaic Devices
Harvesting solar energy with a photovoltaic solar panel has become a mature technology over
the past decade.
Photovoltaic solar panels are currently well used in marine low-power energy harvesting applica-
tions because of the balance between the easiness of installation and maintenance [47], the low
price [48], o-the-shelf availability, and the power density (as presented in [49] 4 cm2 of PV solar
panel are enough for a device with a 1mA continuous average current draw at 3V in Fairbanks,
Alaska).
An example of solar-powered WSN framework for environmental monitoring in an aquatic en-
vironment is given in [50].
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The main disadvantage is the fact that the device relies on the sun exposure and this adds a
constraint on the implementation of the mechanism and the location of the experiment. Besides
dust deposit or bird droppings can severely reduce the output power.
2.4.2.2 Solar: Thermal Panels
A thermal solar panel consists in a set of mirror panels that concentrate sun radiations and
transform it into thermal energy. It is only used in heating or cooling systems usually with a
caloric uid in a closed-circuit that is used to drive a turbine.
2.4.2.3 Salinity Gradient: Osmotic Process
A salinity gradient plant relies on the osmotic power, the chemical potential dierence of salt
concentration between the salted water of the sea and the freshwater of the river. The principle
of the osmotic power, described in [51], relies on the entropy of mixing water with dierent salt
concentration. As shown in gure 2.34, water passes through a semi-permeable membrane to
the side with the highest salt concentration and consequently increases the pressure. Energy
from the water under pressure can be extracted by a turbine.
Figure 2.34: Schematic diagram of an osmotic power plant (adapted from [52]).
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Pressure Retarded Osmosis (PRO) membranes are reported to have a power density of 3W:m 2
under laboratory conditions in [51]. The rst prototype of an osmotic power plant [53] is reported
to be under construction as shown in Figure 2.35.
Figure 2.35: An osmotic power plant simplied model (from [53]).
The main advantage of this mechanism is that it depends on salt concentration which is a
passive characteristic of water reservoir. Consequently this mechanism does not need to cope
with unpredictable amplitude nor frequency changes.
The main disadvantage is the constraints on the location of the system, as the presence of both
natural reservoirs of fresh and salted water in the same area can only be found in deltas. The
system must therefore to be located near a delta.
2.4.2.4 Thermal: Ocean Thermal Energy Converter (OTEC)
An Ocean Thermal Energy converter plant (OTEC) exploits the dierence in temperature be-
tween warm and cold water and is a heat engine from which electrical power is extracted. As
shown in gure 2.36, a water pipe extracts water from the sea bottom (approximately 4) and
another water pipe extracts water from the surface water (in tropical areas the temperature of
surface water is approximately 25 and is stable during the whole year). According to [54], a
20 temperature dierence is enough for a thermal plant to be viable.
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Figure 2.36: Schematic diagram of a closed cycle OTEC (adapted from [55]).
According to [56], for a 1:0m diameter of cold water pipe able to deliver 840l/s, the net
power output of the described OTEC plant is 48kW.
Figure 2.37: A closed cycle OTEC (adapted from [57]).
As the extraction process relies on a temperature dierence and as this dierence is stable, the
main advantage of this mechanism is the constant power output. Besides, the other advantage
of this mechanism is the fact that the turbine is not in direct contact with the corrosive salted
water.
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The main disadvantage is the fact that in order to achieve the minimal temperature dierence
for which the system extract a net energy the plant has to be located in a tropical area where
the surface water remains at a stable temperature of at least 25.
2.4.2.5 Thermal: Mechanism Based on the Thermal Dierence Between Air and
Water
This mechanism would be a heat engine that relies on both the solar thermal panel technology
and the OTEC principle. The cold reservoir would be the surface water and the hot source would
an isolated water reservoir placed on a platform and warmed by some solar thermal panels. A
closed-cycle uid would then circulate between the two reservoirs and electrical power would be
extracted by an hydroelectric generator.
There is no known prototype relying on this mechanism.
The main advantage compared to an OTEC mechanism would be the mobility that this choice
of heat reservoirs provides.
The main disadvantage is the fact that the thermal dierence depends on the sun exposure and
it is not as stable as the thermal dierence used in an OTEC mechanism. Thus it may have an
impact on the eciency.
2.4.3 Other Mechanisms Related to Energy Harvesting
The possibility of transforming the energy extracted from a source directly into a kinetic move-
ment without using electrical energy is investigated in this section. Some mechanisms that do
not rely on any electrical energy conversion but are able to transfer energy into a mechanical
movement are presented. Indeed the primary aim of the energy conversion is dierent from pro-
viding power, however, the mechanisms can potentially be adapted to power generation. Two
examples, the Drinking Bird and the Wave Glider are presented next.
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2.4.3.1 Drinking Bird
The Drinking Bird is a scientic high school experiment that demonstrates the existence of heat
energy transfers in a heat engine. As explained in [58], the bird is made of glass in which there
are roughly three compartments, a shaped lower bulb, a similar spherical bulb at the top and
the bulbs are connected via a narrow glass tube stem. As shown in Figure 2.38, the lower bulb is
partially lled with Freon respecting the fact that there is enough liquid remaining in the lower
bulb to still immerse the glass tube. A small protusion is made of brous material and the glass
assembly is hinged on a support frame such that when the bird is in its upright position the
centre of gravity is below the hinging points. Residual air has previously been removed from
the bird by pre-pumping. When the bird is sealed, it is ensured that both the vapour and the
liquid Freon are present. A characteristic of the vapour of Freon is the fact that it is sensitive
to temperature.
Figure 2.38: Schematic diagram of the Drinking Bird (adapted from [59]).
The bird is a heat engine because it absorbs heat energy from a heat reservoir at a higher
temperature (bottom bulb) and it discharges it to a heat reservoir at a lower temperature. The
initial ambient temperature is denoted as T1. If the temperature of the upper bulb is decreased
to T2 (with T2  T1), the vapor pressure of Freon decreases and this drives the column of liquid
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Freon up the tube, compressing the vapour in the top bulb. Because of this compression more
vapor will condense into liquid so that the volume above the liquid in the upper bulb is still
saturated with vapour at the temperature T2. However because of the rise in the level of liquid
Freon the vapour pressure in the lower bulb drops below the saturated vapour pressure at T1.
Heat energy then ows in from the surroundings of the lower bulb (the outside of the lower
bulb is considered as an innite heat reservoir) so that more Freon evaporates and maintain a
saturated vapour required by the temperature T1. In this heat transfer process mechanical work
is extracted as the rise of liquid in the column modies the equilibrium of the bird.
In the experiment shown to high school students the initial position of the bird is upright but
the temperature of the upper bulb is decreased to T2 as the upper bulb is wet and the spongy
material keeps the water in contact with the bulb. As the liquid rises up the tube, the centre
of gravity is modied and a point is nally reached when the centre of gravity is above the
hinges. This causes the bird to become top heavy and tip over to \drink" from a glass of water.
This tipping over causes the bottom end of the tube to rise above the surface of the liquid in
the lower bulb and consequently, because of the pressure dierence a bubble of vapor from the
upper bulb rushes into the lower bulb displacing liquid as it does so. This displacement makes
the liquid ow back to the lower bulb and the liquid in the lower bulb restores the bird to its
vertical position. The bird is then back to its stable equilibrium position and the cycle can be
repeated.
There is no known prototype adapted for power generation.
The main advantage of this mechanism is the use of the internal property of the gas, more
especially its liquid-vapor transition properties for the cycle. Indeed because it is an internal
property of the gas, the liquid-vapor transition cycle is neither subject to fatigue nor to main-
tenance and thus it highlights the usefulness of energy harversting compared to a battery in a
remote and hostile environment.
The main disadvantage of this mechanism if it is adapted to power generation is most likely to
be the eciency.
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2.4.3.2 Wave Glider
Among the persistent ocean vehicle technologies the development of the Wave Glider, Figure
2.40, was encouraged by the need to perform new types of ocean observations independent
of costly deep-water moorings or ship operations. Although not using electrical power, its
architecture [60] is original because the mechanical movements induced by the waves are directly
converted into propulsion of the platform as described in Figure 2.39.
Figure 2.39: Schematic diagrams of the Wave Glider (adapted from [60]).
This wave-propelled autonomous marine vehicle is reported to have a speed between 0.50 and
1.50 kts for a sea state 1 (Sea state 1 denes calm weather conditions).
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Figure 2.40: The Wave Glider (from [60]).
There are two main advantages for this mechanism. The main advantage is the fact that this
technology is only based on a mechanical transduction principle and does not use any electrical
energy for the propulsion of the device. The other advantage is that the propulsion is independent
from the wave direction. The device is well-suited for remote control.
The main disadvantage may be the fact that this device could be sensitive to sub-marine currents
and this could restrain the areas in which the device can be launched.
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2.5 Energy Harvesting
In this section energy harvesting is briey dened and then presented as an underlying issue of
Wireless Sensor Networks. A selection of energy harvesting technologies is also introduced.
Energy Harvesting Denition
According to [61] and [62], energy harvesting (EH) is the process by which ambient energy is
captured and used to provide electricity for small, autonomous and/or mobile devices such as a
low-power sensor or a microactuator. The captured ambient energy can be stored if necessary.
In general the energy is stored in an electrical form but it can be dierent. It is also known as
power harvesting or energy scavenging.
An energy harvesting device, or energy harvester, is a technology that converts energy from a
renewable source into electricity. It is in general considered an alternative to non-rechargeable
batteries as a source of energy for an electrical system [63].
An energy harvesting generator is the part of the energy harvesting complete system that trans-
duces the ambient energy into electricity see Figure 1 in [64]. A common example is the PV
solar cell. It is common that the energy harvesting transduction part has the same structure as
a transducer used in sensing. However its use is dierent; instead of pursuing accuracy in the
measurement done by the transducer, the goal is to have the most appropriate output power for
the load of the energy harvesting generator.
The harvested energy is usually small, of the order of mJ .
Some energy harvesting applications are environmental monitoring, health, disaster manage-
ment, military, machine monitoring, packaging, space surveillance, and vehicle safety [62] [65].
Energy harvesters are deployed in remote locations and/or endure long-term exposure to hostile
environment.
Energy Harvesting as a Challenge for Wireless Sensor Networks (WSN)
A renewal of interest in the domain of energy harvesting has recently appeared together with
the domain of wireless sensor networks [65].
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Some of these networks are aimed at being launched in wide, remote and potentially hostile areas
with restricted possibility for maintenance on each node of the system. Therefore they require
autonomous systems for the power supply of each node. Compared to batteries, the principle
of energy harvesting is attractive because it harvests energy directly from its environment,
consequently it creates a longer lifespan and removes the maintenance constraint for the deployed
system.
The driving force behind the research domain of energy harvesting is the desire to power wireless
sensor networks and, by extension, mobile devices for extended operation with an addition of
an energy storage element if necessary [61].
Energy Harvesting Classications
There already exist dierent reviews on energy harvesting technologies [66], [67]. A classication
of energy harvesting technology may be done in two ways: considering the source the harvester
extracts energy from or considering the application of the energy harvesting systems. Among
the dierent sources of energy there are the kinetic, thermal, radiation [68] and (bio)-chemical
sources.
Kinetic energy is one of the most readily available sources [67]. The principle behind energy
harvesting technologies is the displacement of a moving part of the system or a mechanical
deformation of some structure inside the device.
Among the kinetic energy harvesting structures two types were identied. One responds to the
kinetic energy with a vibration or displacement of a proof mass. The energy harvested will
depend on this proof mass. In [69] Velocity-Damped-Resonant-Generators (VDRG) are iner-
tial structures appropriate to describe magnetic induction harvesters, and Coulomb-Damped-
Resonant-Generator (CDRG) correspond to electrostatic harvesters. An example of magnetic
induction harvesters is given in [70].
The other type of inertial energy harvesting is based on piezoelectric materials. An accelerated
proof mass causes a mechanical deformation of the material, thus generating current, either by
impact or vibration [71], [72].
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2.6 Power Management for Kinetic Energy Harvesting
The specic feature of the power management for kinetic energy harvesting generators is pre-
sented and then the issue maximum power extraction for the power management circuit of
kinetic energy harvesters is introduced.
Specic Power Management
In an energy harvesting complete system there is an energy harvesting generator and its load.
The energy needs of the load are dierent from what is generated by the generator [64] conse-
quently low-power electronic circuits are used as interface within the energy harvesting system.
These interfaces are responsible for the power management and they are usually AC-DC or
DC-DC converters adapted to the constraints of energy harvesting.
The total power budget is in general low and the goal is to design a self-contained circuit with
self-starting and adaptive properties [73]. These constraints on the converters are dierent from
the ones for higher power applications where the power consumption issue is less signicant.
The rst goal of the power management circuit is to provide ecient rectication and storage
of the incoming power with the constraint of drawing the least current as possible. The second
goal is to fulll the additional requirements of the load such as shifting of the output voltage.
Furthermore in some applications the power management circuit has to cope with the varying
input excitation and the consequential variations in the output power.
Maximum Power Extraction
 Resonant Kinetic Energy Harvesters
Most of the kinetic energy harvesters are often a resonant power source, the maximum power
is extracted by damping a linear harvester when at resonance [74]. The power extraction is
limited by the mechanical parameters. The maximum achievable power is reached when the
power extracted equals the mechanical loss.
 Equivalent Circuit Modeling
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In general an equivalent circuit modeling approach [75] is used as it provides a simplied model
of energy harvesters. This modeling allows the use of numerical and analytical circuit analysis
techniques. Electromechanical energy harvesters are represented by an electrical circuit which
can then be connected to the rest of the circuit to form an energy harvesting complete system
model composed of a source and a load.
The electrical equivalent circuit of the energy harvester depends on the transduction type [73].
 Impedance Matching
Dierent approaches employed to extract maximum power for dierent types of transduction
mechanisms are reported in [73]. The main dierence is between AC/DC conversion of the
DC/DC conversion.
The power management circuit is either passive or active.
As most kinetic energy harvesters have a resonance, the range of input excitation frequencies
for which the harvester can eciently extract power is thus limited. In order to lessen this
constraint the power management circuit can be designed to adapt to the input frequency using
the Load Impedance Matching principle using a complex load [76].
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2.7 Summary of Chapter 2
In an aquatic environment, waves are one of the most powerful sources of energy as its density
is enormous. The wave height and the wave period are identied as the parameters in the linear
wave theory that are most useful for the study of power transfer during a wave-body interaction.
There already exist devices that harvest energy from an aquatic environment. It was noted that
their structure depends on the source they extract energy from. A review of existing mechanisms
converting energy from an aquatic environment is performed. Potential energy mechanisms to
be selected for the energy harvester of the MOBESENS project are the ones which oer the most
appropriate balance between a good eciency and the possibility to be adapted to a low-power
mobile and autonomous energy harvesting generator.
Energy harvesting is a general denition for a process by which ambient energy is captured and
used to provide power for a load. In the domain of energy harvesting a lot of attention was
given to the energy capture mechanism, however, the energy harvesting devices usually have
a power management circuit that interfaces the generating part and the load of the complete
system. This interface depends on the chosen harvester and its design can optimize the power
consumption of the complete system.
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Comparison of Energy Harvesters in
an Aquatic Environment
This chapter has a double objective. The initial objective is to explain the choice of an energy
harvesting mechanism specic to the needs of the platforms of the MOBESENS project described
in Section 1.1. There already exist dierent types of harvesting mechanisms and they are
described in sections 2.3 and 2.4 and they are summarized in Figure 1.4. Out of all these
mechanisms some directly present advantages for the implementation. The goal is to choose the
most appropriate given specic environmental conditions.
As one of the criteria for the choice of the mechanism is the eciency, the second part of the
objective is actually to present the comparison of the output power taking into account the
changes brought by the scaling of some of the mechanisms. Indeed scaling the mechanisms has
a considerable impact on the expression of the eciency. This comparison could be useful in
general whenever a choice has to be made for an application requiring power in a remote and
aquatic area because it takes into account the scale of the system.
First the scaling transformation is detailed then the expressions of the output power for some
mechanisms are derived. Furthermore the comparisons are described and interpreted and nally
the choice of energy harvesting mechanism for the MOBESENS project is explained.
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3.1 Scaling
The goal of the comparison is to compare and to justify the choice among the dierent energy
harvesting mechanisms from those described in chapter 2 and decide which one is the most
appropriate given the specic environmental conditions of the MOBESENS applications. The
output power of the dierent energy harvesting mechanisms depends on the size of the considered
mechanism and on its geometrical design its implementation.
For clarication purposes, some aspects of the denitions of dimension, scaling and size of an
object are briey recalled. Then an example of the non-linearity involved in scaling down a
micro-mirror is presented and then the scaling law principle is explained.
3.1.1 Denitions
The dimensions of an object is the association of the measurements enabling the calculation of
the volume or surface of the considered object. For example the length, width and thickness
measured in m are the dimensions of a rectangular cuboid, and the radius is the dimension of a
sphere.
Figure 3.1: Scaling a square ABCD with a scaling factor s = 10.
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Scaling is a linear transformation dened by a scale factor s that enlarges or shrinks objects by
the scale factor that is the same in all directions. For example in Figure 3.1 the scale factor is
s = 10, the length of the square ABCD is simply multiplied by 10 and its area is multiplied by
100 when it is transformed in to the square A0B0C 0D0.
Scaling is a particular case of homothetic transformation. This transformation keeps the middle
invariance but neither the length invariance nor the angle invariance. This transformation is
characterized by a transformation ratio. An example of homothetic transformation is given in
Figure 3.2. The rectangle ABCD is transformed into a rectangle A0B0C 0D0
Figure 3.2: Homothetic transformation with a ratio  = 2.
The scale factor can also be termed the ratio of the scaling transformation or size or linear scale.
Fractals are structures that are invariant for an homothetic transformation.
3.1.2 Example: Micro-Mirror Reduction
In Chapter 2 it is shown that the design of the layout of the mechanism and thus the volume
occupied is fundamental in the harvesting process. However systems do not have the same
scale. As there is a need for the comparison to be carried out at a miniaturized scale, some
mechanisms such as the large-scale ocean wave power converters have consequently to be sized
down beforehand. To compare the dierent conversion mechanisms in order to choose which
one is the most ecient, the power is one of the most appropriate indicators.
It is in general assumed that the power density is independent from the size of the device,
and thus when the device is shrunk to a smaller model the power is deduced using a lineariza-
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tion and the expression of the power density. Unfortunately when experiencing the limits of
miniaturization, power density is inuenced by the scaling transformation.
In [77] an example is presented. It is supposed that there exists a rotating micro mirror of length
L, width w, thickness t mass M and mass density  on which a torque  is applied as shown in
Figure 3.3.a.
Figure 3.3: Micro-mirror reduction with scale factor s = 0:5.
The applied torque  is proportional to the moment of inertia Izz. Izz is determined by the
expression
Izz =
1
12
M  w2 (3.1)
Expressing the mass using the mass density the equation results in
Izz =
1
12
  L  w  t  w2
Izz =
1
12
  L  t  w3 (3.2)
A scaling transformation with scale factor s = 0:5 is implemented as shown in Figure 3.3.b. The
expression of the new moment of inertial I 0ZZ is given by
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I 0zz =
1
12
  (sL)  (st)  (sw)3
I 0zz =
1
12
  (1
2
L)  (1
2
t)  (1
2
w)3
I 0zz =
1
32

1
12
  L  t  w3

I 0zz =
1
32
Izz (3.3)
Implementing a 50 % reduction in size results in the moment of inertia being reduced by 32
times. A 50 % reduction in size does not result in a 50 % reduction of the moment of inertia
thus the reduction of the torque is nonlinear. If the torque reduction is nonlinear then the power
developed by this torque is nonlinear as well. According to [78] when miniaturizing a system
forces, power and power density are also inuenced by the miniaturization. Scaling laws are
presented in [78] and are the result from this consideration.
3.1.3 Scaling Laws
To a larger extend it is important to know how scaling aects the forces applied on the converters
and thus how it aects the power in the performances of these devices.
3.1.3.1 Characteristic Length on the Micro-Mirror Example
In section 3.1.2 a micro-mirror is presented. There is another way of expressing the moment of
inertia in the 0:5-scaling transformation that enables the expression of the moment of inertia
only as a function of one of its dimensions. The chosen dimension is w because the moment of
inertia depends more on this dimension than on the others. It is assumed that L =  w and
t =  w. The expression 3.2 becomes
Izz =
1
12
  L  t  w3
Izz =
1
12
      w5 (3.4)
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For the next section it is important to note that the moment of inertia Izz can be expressed
as a function of only one dimension w of the system. In this case the dimension is named the
characteristic length LC of the system.
3.1.3.2 General Principle of the Scaling Laws from [78]
Scaling laws presented in [78] focus rst on the theoretical expression of the forces applied on the
considered system as functions of a certain power k of the single parameter s. The expression
for one force applied on the considered system is described by
F =   s(k) (3.5)
with F the force, s the scale factor,  a constant and (k) an integer.
According to [78] this parameter s is the scale factor (or size) of the scaling transformation the
system will undergo. s is also the characteristic length of the system and its choice is a bit
arbitrary. From the expression of the force, expressions of time, speed, acceleration, power and
power density related to this force are also given as a function of a certain power of s.
Before detailing the expression of power density as a function of s, the fact s was considered as
a dimension without a unit was an issue. The issue was solved by redening the equation 3.5 so
that it is no longer an equality but a way to express the fact that F has to be modied by sk
when the characteristic length of the system is scaled by a factor of s.
For example if Fp is a pressure force and if the length of the square on which Fp is applied is
increased by a scale factor sp then Fp will evolve proportionally to s
2
p.
F /   s(k) (3.6)
According to [78], for convenience reasons it is easier to present in parallel four cases for the
expression of the force by using a matrix formalism (as shown in the equation 3.7). The cases
described in this vector are the cases when the force depends linearly on s, the case when the
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force depends on s squared, the case when the force depends on the power three of s and the case
when the force depends on the power four of s. In the four cases the value of k is respectively
1; 2; 3 or 4.
F /  
0BBBBBBB@
s1
s2
s3
s4
1CCCCCCCA
(3.7)
As the displacement d of the system is directly linked to linear scale it results in
d / s (3.8)
As the mass can be expressed as a function of the mass density and the volume and as the mass
density is independent from the size of the system, it results in
M /   s3
M / s3 (3.9)
Using the Newtons laws F =Ma the acceleration can be expressed as a function of s
a =
F
m
a / S
(k)
s3
a / s(k) 3 (3.10)
Using the expression of the acceleration a = d
t2
the time can be expressed as a function of s
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t2 =
d
a
t /
 s
s(k) 3
 1
2
/ s2  (k)2 (3.11)
Using the expression of the power density Pd =
P
V0
with P = F:u with P the power, u the
velocity and V0 the initial volume before scaling
Pd =
F:u
V0
=
F:d
tV0
/
 
s(k)+1
s2 
(k)
2 s3
!
/ s 4+(k)+ (k)2 (3.12)
To sum up
F /
0BBBBBBB@
s1
s2
s3
s4
1CCCCCCCA
a /
0BBBBBBB@
s 2
s 1
s0
s1
1CCCCCCCA
t /
0BBBBBBB@
s1:5
s1
s0:5
s0
1CCCCCCCA
Pd /
0BBBBBBB@
s 2:5
s 1
s0:5
s0
1CCCCCCCA
(3.13)
From [78] it can be deduced that if the force that provides the output power is a surface force
then the power density varies with the inverse of the scale factor. If the force is a volume force
then the power density varies with the squared root of the scale factor.
In the next section the goal is to present the output power variation with size that can be
expected from the scaling of large-scale power converters.
The energy transfer diagram of the majority of the large-scale converters is presented in Fig-
ure 3.4.
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Figure 3.4: Energy transfer diagram of a general large-scale wave energy converter.
It can be noted that the hydraulic transformation can be removed from the chain as it is only an
intermediate stage of conversion in some of the designs of ocean wave converters. The hydraulic
conversion actually increases the regularity of the energy ow as it has an inertia that smoothens
the mechanical movements of the host structure excited by the waves. It can be noted that there
are losses at every conversion stage but in this section one limit of the comparison is that losses
are not taken into account.
3.2 Derivation of Output Power Formulae
Output power formulae are derived such that the link between the power and the characteristic
length is highlighted. These formulae will enable the determination of the coecient sk by which
the power is to be divided when the volume of the system is decreased by the scale factor s.
3.2.1 Linear Inertial Mechanism
The derivation of the output power formula for the linear inertial mechanism is presented. In
this case a mass in a hosting vessel is simplied to a damped forced mass-spring-damper model
presented in Figure 3.5. The mass can oscillate and the waves are responsible for its oscillations.
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Figure 3.5: Schematic diagram of the linear inertial model (adapted from [69]).
Parameters Denitions
m Mass
 Mass density of the mass
V Volume occupied by the mass
D Damping coecient
k Spring constant
g Gravitational constant
Y0 Amplitude of the sinusoidal excitation
ZL Maximum displacement of the mass
f Wave frequency
! Wave angular frequency
H Wave height
Lc Characteristic length
Table 3.1: Parameter denitions for the linear inertial model.
According to [69] the dierential equation for the motion of the mass relative to the frame is
given by
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mz(t) =  kz(t) D _z(t) my(t) (3.14)
The natural frequency is !n with !n =
q
k
m , the ratio !c is dened by !c =
!
!n
and the damping
ratio is  with  = D2m!n . Taking the Laplace transform of equation 3.14 and then substituting,
the magnitude of the relative motion versus frequency is given by
Z0 = Y0
!2cp
(1  !2c )2 + (2!c)2
(3.15)
The dissipated energy per cycle is according to [69]
ECycle = 2D
Z Z0
Z0
_zdz (3.16)
The expression of the dissipated power is reported in [69]
P =
mY 20 (!c!)
3
(1  !2c )2 + (2!c)2
(3.17)
According to [69] the maximum output power that can be expected from this mechanism is
given by
P =
1
2
Y0!
3mZL (3.18)
As the issue focuses more on scaling than precision the expression of average output power is
approximated with the expression of the maximum output power presented in equation 3.18 and
the system is simplied to a mass that occupies a half of the box as presented in Figure 3.6.
The scaling laws are applied on this expression. The mass is replaced by a m = V = L3c and
the ZL is chosen for a half of the characteristic length. The expression of the average output
power is given by
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Figure 3.6: Simplication of the linear inertial model.
P = 12
H
2 !
3L3c
Lc
2
P = 18H!
3L4c
P = 3Hf3L4c
P / L4c (3.19)
From the expression of the average output power as a function of the characteristic length in
equation 3.19, the average output power of the linear inertial mechanism depends on the power
4 of the scale factor of the scaling transformation.
Two remarks can be stated. The rst remark is the fact that the amplitude of the external source
Y0 and its external frequency ! are not expressed as functions of Lc and thus their inuence is
not taken into account in the scaling transformation. It is fair to question this choice but in this
section it is considered valid as the goal of this study is to compare dierent mechanisms for the
same external source (aquatic waves).
The second remark concerns the expression of the output power density derived from equa-
tion 3.19. Using equation 3.18 the expression of the average output power density of a linear
type mechanism as a function of the scale is
Pd / 1
2
Y0!
3L1c (3.20)
The average output power density of the linear type mechanism is proportional to the power
one of the scale factor of the scaling transformation. It can be noted that if the power density
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is proportional to s1 then by extension of equation 3.13 the sum of the forces applied on the
system is proportional to s6. It could have been expected that the sum of the forces applied
on the system would have been proportional to s3 as the movements of the mass and thus the
gravity force is predominant. However in this sum the requirement is on the unit and the forces
are by denition having a dierent action on the system and may not all have the same inuence
on the scaling of the system. Consequently it is normal to have a sum of the forces applied on
the system that is proportional to a power k of s dierent from either 2 or 3.
Besides in [78] the power considered is the power developed by only one force. If, for example,
it is known that the power density of one particular force is proportional to s0:5, then using
the correspondence in the equation 3.13 it is deduced that it is a force which depends on s3 for
scaling transformation.
3.2.2 Rotating Inertial Mechanism
The derivation of the output power formula for the rotating inertial mechanism is presented.
Figure 3.7: Schematic diagram of the rotating inertial model.
In this case a mass in a hosting vessel is simplied to a damped forced pendulum mechanical
model as presented in Figure 3.7. The mass acts as a pendulum and the waves apply an excitation
force on it. The parameters are summerized in Table 3.2
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Parameter Denition
m Mass
 Mass density of the mass
V Volume occupied by the mass
R Radius of the mass
r Thickness of the mass
G Gravity centre of the mass
O Gravity centre of the hosting vessel
 Distance between the center of gravity of the mass and the
center of gravity of the hosting vessel
D Damping coecient
J Moment of inertia
g Gravitational constant
Lc Characteristic length
f Wave frequency
H Wave height
d Angle of the mass dened with the vertical axis
b Angle of the hosting vessel dened with the vertical axis
d0 Amplitude of d
b0 Amplitude of b
! Wave angular frequency
!n Natural angular frequency of the pendulum
TG Gravity torque
TD Damping torque
TB Excitation torque
Table 3.2: Parameter denitions for the rotating inertial model.
The shape of the mass is simplied to a semicylinder shape
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 =
4R
3
J =
MR2
4
(3.21)
Besides the projection of the damping torque, the gravity torque and the excitation torque are
respectively given
8>>>><>>>>:
TD =  D _d
TG =  mgsin(d)
TB = D _b
(3.22)
The projection of the equation of movement results in
J d = TB + TD + TG
= D _b  D _d  mgd (3.23)
Assuming a harmonic source we have in the complex domain
b(s) = b0e
j!t
d(s) = d0e
j!t (3.24)
with the origin of phase b(s).
Then, equation 3.23 becomes
 !2J + j!D +mg d = j!Db (3.25)
This gives
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d
b
=
j!D
(mg   !2J) + j(!D) (3.26)
It leads to
d0b0
 = !Dp(mg   !2J)2 + (!D)2 (3.27)
Besides the natural frequency of the system is given by
!n =
r
mg
J
(3.28)
The power is given by
P = D( _b   _d)2 (3.29)
Besides we have
_b   _d = j!(b   d) (3.30)
Using equation 3.25 in equation 3.30 results in
_b   _d =
j![mg   !2J ]
mg   !2J + j!Db (3.31)
It can be noticed that if the relative velocity between the hosting vessel and the pendulum is
zero then the output power is zero: when ! = !n then _b   _d = 0 in equation 3.31.
Consequently, supposing we operate at a frequency below the natural frequency (terms in !2
are neglected), the expression of power is given by
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P = D( _b   _d)2
= D
j!mgj2
(mg)2 + (!D)2
jb0j2 (3.32)
For a given !, the power is maximized if the damping coecient is Dmax =
mg
! . In this case
P = D( _b   _d)2
= D
!2(mg)2
2(mg)2
2b0
= D
!2
2
2b0
=
mg
!
!2
2
2b0
= mg
!
2
2b0 (3.33)
Using the fact that average output power is considered (factor 12 is thus implemented in equa-
tion 3.33 as the source is sinusoidal),  = 4R3 in equation 3.21, and ! = 2f then
P =
D
2
( _b   _d)2
=
1
2
mg
!
2
2b0
=
1
4
mg
4R
3
2f2b0
=
2
3
mgRf2b0 (3.34)
Using the simplication r = R and the fact that the mass is considered to be an ideal semi-
cylinder m = V = (R
3
2 ) , leads to
P =
2
3
(
R3
2
)gRf2b0
P =
1
3
gf2b0R
4 (3.35)
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The nal simplication consists in choosing Lc = 2R so that the mass can rotate as shown in
Figure 3.8.
Figure 3.8: Simplication of the rotating inertial model.
The expression of the power as a function of the characteristic length is then given by
P =
1
3
g2b0f(
Lc
2
)4
P =
1
24
g2b0fL
4
c (3.36)
It can be deduced that
P / L4c (3.37)
From the expression of the average output power as a function of the characteristic length in
equation 3.37, the average output power of the rotating inertial mechanism depends on the
power 4 of the scale factor of the scaling transformation.
Mechanisms Based on Gyroscopic Precession
A gyroscope is, in general, composed of several mechanical parts and in particular a disk shaped
mass which is actively driven to rotate at high speed. One of the main reasons for the high
speed is to provide enough power for this rst rotation and simultaneously maintain a positive
eciency for the second rotation. Because of the speed, it is important to minimise the friction
losses for the mechanical parts supporting the rotations.
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Figure 3.9: Schematic diagram of the gyroscopic precession model.
The principle of the gyroscopic precession for energy harvesting is introduced in [79]. The
important parameters are: the 3 axis of rotation, the angular momentum of the disk, and the
torque applied by the waves as presented in Figure 2.13 and in Figure 3.9.
The parameters are presented in Table 3.3.
Denition 1. A torque is the cross-product between a distance vector and a force applied on
the considered system.
~T = ~OM ^ ~F (3.38)
The distance is chosen to be between between the application point of the force and the axis of
rotation as presented in equation 3.38.
In this section the considered torque is the cross product of the external force applied by the
waves on the hosting structure and the distance is the length between the center of the disk and
the shaft of the generator.
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Parameter Denition
~T Torque ~OM Distance between the center of the disk and the vertical axis
~F External force applied on the system
~L Angular momentum of the disk
I Inertia of the disk
R Radius of the disk
!d Angular speed of the disk around the x-axis

b Angle of rotation of the host vessel around the y-axis
~Tg Precession torque
 Angle of the precession rotation

0 Angle amplitude of the harmonic excitation
!e Excitation angular frequency
e Maximum angular deviation corresponding to the excitation
WHalf Cycle Maximum work per half cycle
Lc Characteristic length
Table 3.3: Parameter denitions for the gyroscopic precession model.
Principle 1. The conservation of the angular momentum principle links the time variations of
the angular momentum to the torques applied on the system, as shown in equation 3.39.
d~L
dt
=
X
~T (3.39)
In this section the considered angular momentum is the one of the disk.
Proposition 1. The angular momentum is conserved in a system where there is no external
torque
In Figure 2.13 and in Figure 3.9, the disk shaped mass of inertia is initially driven to rotate at
a speed !d around the x-axis. The direction of the created angular momentum is the x-axis.
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The direction of the torque applied by the waves on the boat is parallel to the y-axis (the boat
rotates around the y-axis with an angle 
b).
Because of principle 1, the angular momentum \pursues to align" with the torque applied by the
waves and the system thus describes a second rotational movement, named precession movement,
around the z- axis (precession axis).
The sign of the applied torque is important to predict the direction of rotation.
From the precession movement, a precession torque Tg is created and applied on the shaft of
the generator and is parallel to the z-axis. This torque induces a change to the angle  of the
generator and power can be extracted from the generator.
The maximum power that can be generated is derived in [79] where it is stated that
 The expression of the precession torque is
Tg = I!d
d
b
dt
(3.40)
 In order to extract power, the transducer resists this precession torque, thus the maximum
transducer torque is set. If the excitation is harmonic with amplitude 
0 and frequency
!e then the maximum value of the rotational speed _
b = !b is 
0!e.
 Besides if the maximum angular deviation is dened as 20, then the maximum work per
half cycle is
WHalf Cycle = 20Tg (3.41)
 The maximum power is then obtained
Pmax =
2


00I!
2
e!d (3.42)
 Power is however needed to drive the gyroscopic mass and this reduces the achievable
maximum power to a net power.
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The output power of a mechanism based on the gyroscopic precession is expressed as a function
of the characteristic length Lc.
The expression of the moment of inertia for the disk is
I =
mR2
2
I =
1
2
diskVdiskR
2
I =
1
2
diskR
2tdiskR
2 (3.43)
Supposing the thickness of the disk is tdisk = 10
 2R then
I =
10 2
2
diskR
5 (3.44)
From equation 3.44 it is deduced that the moment of inertia is proportional to the power 5 of
the scale factor
I / s5 (3.45)
For the torque involved in the rotation of the disk it can be written that
~T = I _!d~u (3.46)
The torque is dened proportional to sk1 . Then using equation 3.45 and equation 3.46 it is
obtained for _!d
_! / sk1 5 (3.47)
If the torque involved in the rotation of the disk is chosen proportional to s4 as the force
responsible of the torque is volumic and using 1 then
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_! / s 1 (3.48)
With the dimensional analysis of _!d, [ _!d]$ 1[Time]2 and using equation 3.48, it leads to
[Time]2 $ 1
[ _!d]
[Time] $

1
[ _!]
 1
2
[Time] / ( 1
s 1
)
1
2
[Time] / s 12 (3.49)
Using the dimensional analysis of !d, [!d]$ 1[Time] and equation 3.49 then
!d / s 
1
2 (3.50)
Consequently in equation 3.42 the output power is
P / s5  12
P / s4:5 (3.51)
If the torque involved in the rotation of the disk is chosen proportional to s4 as the force respon-
sible of the torque is surfacic then the output power of a gyroscopic precession is proportional
to the power 4.5 of scaling factor of the scaling transformation.
If the torque involved in the rotation of the disk is chosen proportional to s3 as the force respon-
sible of the torque is surfacic then the output power of a gyroscopic precession is proportional
to the power 4 of scaling factor of the scaling transformation exactly like other rotating inertial
systems.
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It is specied that the average output power is simplied by using the expression of the maximum
output power without taking into account the losses due to the initial rotation.
3.2.3 Surface Buoyancy Generation System
The derivation of the output power formula for the surface buoyancy generation mechanism with
a tethered buoy is presented.
A moored buoy attached to a generator is simplied into a buoy that oscillates vertically. As the
waves propagate the buoy is lifted and taken down as presented in Figure 3.10. The parameters
are summerized in Table 3.4
Figure 3.10: Schematic diagram of the oating tethered buoy model.
The shape of the buoy is simplied into a cylinder as presented in Figure 3.11
Figure 3.11: Simplication of the tethered buoy model.
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Parameter Denition
m Mass of the buoy
R Radius of the buoy
hb Height of the buoy
b Mass density of the buoy
D Maximum stroke of the generator's mobile part
H Amplitude of the external source
! Angular frequency of the external source
WCycle Work per cycle
Lc Characteristic length
Table 3.4: Parameter denitions for the tethered buoy model.
V = hbR
2 (3.52)
Simplifying the volume of the cylinder using hb = R results in
V = R3 (3.53)
The model undergoes the Archimedes' principle, the volume displaced is simplied to the volume
of the entire cylinder
Vdis = R
3 (3.54)
The work per cycle of the weight is thus
WCycle = mg2H
WCycle = 2bgHR
3 (3.55)
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Using ! = 2f the output power is given by
P = 2bgHR
32f
P = 42bgHfL
3
c (3.56)
From the expression of the average output power as a function of the characteristic length in
equation 3.56, the average output power of the surface mechanism based on a tethered buoy
depends on the power 3 of the scale factor of the scaling transformation.
3.2.4 Hinge Movement Mechanism
The derivation of the output power formula for the hinge movement mechanism is presented.
Figure 3.12: Scimhematic diagram of the hinge model.
The system is simplied to two cylindrical rafts linked together with an hinge as presented in
Figure 3.12. This hinge is simplied to a generator which extracts energy by opposing to the
movements of the rafts whenever a wave lifts successively one of the rafts and thus creates a
torque applied on the hinge.
The hydraulic conversion stage is simplied by considering it has a 100 % eciency. h = h12 is
assumed and consequently W = 2h.
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Parameter Denition
 Mass density of one raft
W Width of the immersed part of the raft
h1 Diameter of the raft
h Height of the immersed part of the raft
L Length of the raft
Lc Characteristic length of the device
l Variable representing the considered length of the raft
l Element of length of the raft
F (l) Force applied by the waves on the raft
T (l) Torque applied by the raft on the hinge
f Wave frequency
Table 3.5: Parameter denitions for the hinge model.
A segment of raft is colored in Figure 3.12. The torque applied by the waves on the raft depends
on distance between the hinge and the point of application of the force. To take this into account
the general torque is thus considered as a sum of dierent torques that are applied to dierent
segments of the raft.
Using Archimedes's principle, the linear force applied by the wave on a segment of raft is
F (l) = g
h2
2
(3.57)
The unit of this force is N:m 1.
The torque corresponding to the force applied on the hinge is
T (l) = g
h2
2
l (3.58)
Integrating the torque against the variable l results in the expression of the general torque
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T =
Z L
0
g
h2
2
ll
T = g
h2
2
h
L2
2
(3.59)
Supposing the maximum angle the rafts can move through is equal to 2 , and supposing the
cycle is composed of one wave, then the energy extracted per cycle is given by
Ecycle = g
h2
2
L2
2
 
2
Ecycle =

4
g
h2
2
L2 (3.60)
Supposing the diameter of the cylinder is 10 times smaller than the length of the raft
Ecycle =
1
4
1
2

102
gL4 (3.61)
and considering the average output power (P = 12Ecycle:f)
P =

8

102
gfL4 (3.62)
The characteristic length is chosen to be the length of one raft. Implementing the characteristic
length in equation 3.62 results in
P =
1
8

102
gfL4c (3.63)
From the expression of the average output power as a function of the characteristic length in
equation 3.63, the average output power of the hinge mechanism based on a relative movement
between two rafts depends on the power 4 of the scale factor of the scaling transformation.
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There are two major approximations. The rst one is to consider that the force applied by the
waves is based on Archimedes principle.
The second approximation is the angle of rotation around the hinge of the rafts. As the angle is
considered to be maximum the dependance the expression of the output power to the amplitude
of the wave disappears although it is intuitively understandable that the smaller the device is
the closer to zero this angle is and the power harvested from the device depends actually at least
on another parameter describing the waves such as either the wavelength or the waveheight.
If the rafts are considered rectangular and no longer cylindrical then the expression in equa-
tion 3.63 becomes
P =
1
4
gfL4c (3.64)
3.2.5 Oscillating Water Column (OWC) Mechanism
The expression of the output power of an oscillating water column mechanism is presented.
Figure 3.13: Schematic diagram of an OWC model.
The system is simplied into a hollow cube with a Wells turbine at the top, as presented
in Figure 3.13. As the wave propagates, the level of water inside the structure successively
increases the pressure of the trapped air and it can only escape thought a Wells turbine and
then decreases the pressure inside the structure so that air ows in through the Wells turbine.
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The basis of the OWC structure is simplied to a square of length L.
The parameters are presented in Table 3.6.
Parameter Denition
air Mass density of air trapped in the column
water Mass density of water wave
AT Area of the turbine
L Length of the Oscillating water column
! Angular frequency of the waves (! = 2f)
H Wave height
f Wave frequency
y0 Amplitude of the wave supposed sinusoidal
y(t) = y0cos(!t) with y0 =
H
2
yOwc0 Amplitude of the wave supposed sinusoidal in-
side the OWC (yOwc(t) = yOwc0cos(!t+ ))
P0 Atmospheric pressure
P Pressure dierence
 airow speed at the turbine
VI A volume of water of height y0   yOwc0 and of
surface L2
LC Characteristic length
Table 3.6: Parameter denitions for the OWC model.
In [14] an expression of the power available from the airow inside the chamber of the OWC is
given.
P =

P0 + air
2
2

AT (3.65)
An expression of the power harvested from the airow is given by
P = (PAT ) (3.66)
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as the considered force is
FP = PAT (3.67)
The expression of the average output power is approximated by the expression of the power
available described in equation 3.66.
The power is the product of the force times the velocity. Supposing the water is incompressible,
the venturi eect results in
AT = _yOwcL
2 (3.68)
Thus
 =
L2
AT
_yOwc (3.69)
_yc is approximated, consequently
  L
2
AT
!H
2
(3.70)
The expression of P is given by
P = air
2
2
(3.71)
2 is approximated in a dierent way. Using a dimensional analysis it is obtained
[2] = [gravity constant][distance]
= g(y0   yOwc0) (3.72)
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thus 
2
2 can be approximated by a maximization
2
2
 gH
2
(3.73)
Thus the pressure dierence is approximated by
P  airgH
2
(3.74)
The power given in equation 3.66 is approximated by
P 

airg
H
2 AT
L2
AT

!H
2
 14airg!H2L2 (3.75)
With (! = 2f) then the maximum power available is given by
P =

2
airgfH
2L2 (3.76)
The characteristic length is chosen to be L
P =

2
airgfH
2L2C (3.77)
From the expression of the average output power as a function of the characteristic length in
equation 3.77, the average output power of the oscillating water column depends on the power
2 of the scale factor of the scaling transformation.
It can be noticed that
- It is supposed here that the power extracted from the air ux is entirely extracted. It
implies that in this case the turbine is able to stop the ow (similar to a wind turbine).
- The uid going through the turbine is considered incompressible.
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3.2.6 Overtopping Device Mechanism
The expression of the overtopping device mechanism is presented. The device is based on a
low-head turbine located below a water reservoir and above sea level. The water reservoir is
lled by the waves and as the water goes back to the sea the low-head turbine is activated as
presented in Figure 3.14.
Figure 3.14: Schematic diagram of the overtopping model.
The parameters are presented in Table 3.7.
In this type of device, the power is extracted by the low-head turbine.
The rst step consists in deriving the potential energy per cycle by expressing the potential
energy of the column of water above the turbine:
WCycle = mghc
= WaterVIghc
with VI = Q1Tp (3.78)
The expression of the output power is then
P = WaterghcQ1 (3.79)
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Parameter Denition
hDEV Height of the device
L Width of the device
h(t) Height of the volume of water overtopping the device
hc Height between the low-head turbine and the level of
water in the reservoir
TP Wave period (TP =
1
f =
2
! )
! Angular wave frequency
H Wave height
y(t) Supposing the waves are sinusoidal y(t) = y0sin(!t)
and y0 =
H
2
S Surface dened by L and h(t)
g
! Speed of the wave propagation
WCycle Potential Energy per cycle of the column of water
above the turbine
Water Mass density of water
VI Volume of water in the column above the turbine
Q0 Volumetric ow rate of water arriving in the reservoir
Q1 Volumetric ow rate of water through the turbine
(Q1 = Q0  is assumed)
Lc Characteristic Length
Table 3.7: Parameter denitions for the overtopping model.
The second step consists in estimating the average volumetric ow rate through the low-head
turbine Q1. A simplication is to consider that this ow rate is equal to the average ow rate
arriving in the reservoir < Q0 >.
When the waves encounter the overtopping device, it is of major importance to evaluate the
amount of water overtopped as a function of the incoming waves. The simplifying hypotheses
are
- The waves are supposed sinusoidal (time period Tp =
2
! and a wave height H). The form
of the wave is y(t) = y0  sin(!t) with y0 = H2 .
3.2 Derivation of Output Power Formulae 109
- The ramp becomes a vertical access.
- If the amplitude of the wave is inferior to the height of the wave energy converter A0, the
wave does not overtop the device.
Consequently the overtopping uid ow rate Q0 is determined by
Q0 =
g
!
S
= g
Tp
2
(h(t)L) (3.80)
Then the average overtopping uid ow rate per wave period Q1 is given by
Q1 = < Q0 >
=
1
Tp
Z Tp
0
gTp
2
(h(t)L)dt
=
gL
2
Z Tp
0
h(t)dt (3.81)
Another simplifying hypothesis enables us to consider that only the parts of the wave whose
amplitude is superior to hDEV contribute to the ow (Figure 3.15) . Otherwise the ow is
supposed not to contribute to the water entering the reservoir.
Therefore the equation for Q1 becomes
Q1 =
gL
2
Z t2
t1
h(t)dt (3.82)
As t1 satises the condition y0sin(!t1) = hDEV then t1 is given by
t1 =
1
!
sin 1(
hDEV
y0
) (3.83)
110 Chapter 3. Comparison of Energy Harvesters in an Aquatic Environment
Figure 3.15: Wave description with colored area representing the volume owing into the device.
By symmetry t2 is given by
t2 =
Tp
2
  t1 (3.84)
Equation 3.82 is then
Q1 =
gL
2
Z Tp
2
  1
!
sin 1(hDEV
y0
)
1
!
sin 1(hDEV
y0
)
h(t)dt (3.85)
The function h(t) is then described in Figure 3.16.
Figure 3.16: Function h(t).
Using the symmetry around TP4 , the expression of Q1 is given by
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Q1 =
gL
2
Z t2
t1
h(t)dt
=
gL

Z TP
4
t1
h(t)dt
=
gL

"Z TP
4
t1
y(t)dt  hDEV

TP
4
  t1
#
=
gL

"Z TP
4
t1
y0sin(!t)dt  hDEV

TP
4
  t1
#
=
gL

24y0   1
!
cos(!t)
TP
4
t1
  hDEV

TP
4
  t1
35
=
gL


y0
1
!
cos(!t1)  hDEV

TP
4
  t1

=
gL
2

2y0
!
cos(!t1)  hDEV

TP
2
  2t1

=
gL
2

2y0
!
cos(sin 1(
yDEV
y0
))  hDEV

TP
2
  2
!
sin 1(
yDEV
y0
)

(3.86)
The third step consists in expressing the estimated power output using equation 3.79 and 3.86
P = Waterg
gL
2
hc

2y0
!
cos(sin 1(
hDEV
y0
))  hDEV

TP
2
  2
!
sin 1(
yDEV
y0
)

(3.87)
Besides according to the paper [80], it is relevant to consider the eciency of the low head
turbine to be 0.87. The output power formula is approximated
P = 0:87WatergQ1hc
= 0:87Waterg
gL
2

2y0
!
cos(sin 1(
hDEV
y0
))  hDEV

TP
2
  2
!
sin 1(
hDEV
y0
)

hc
=
0:87Waterg
2L
2

H
2f
cos(sin 1(
hDEV
y0
))  hDEV

1
2f
  2
2f
sin 1(
hDEV
y0
)

hc
=
0:87Waterg
2L
42f

Hcos(sin 1(
hDEV
y0
))  hDEV

   2sin 1(hDEV
y0
)

hc (3.88)
Dening  = sin 1(hDEVy0 ) it gives
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P =
0:87Waterg
2hcL
42f
[2y0cos()  hDEV (   2)] (3.89)
The fourth step consists in another approximation of the function h(t). For simplication reasons
the function h(t) is approximated as presented in Figure 3.17
Figure 3.17: Simplied function h(t).
The expression of Q1 becomes
Q1 =
gL
2

TP
4
  t1

(y0   hDEV )
=
gL
2

TP
4
  1
!
sin 1(
hDEV
y0
)

(y0   hDEV ) (3.90)
The expression of P thus becomes
P = 0:87Waterghc
gL
2

TP
4
  1
!
sin 1(
hDEV
y0
)

(y0   hDEV )
= 0:87Waterg
2hc
L
2

1
4f
  1
2f
sin 1(
hDEV
y0
)

(y0   hDEV )
= 0:87Waterg
2hc
L
2
1
f

1
4
  1
2
sin 1(
hDEV
y0
)

(y0   hDEV )
= 0:87Waterg
2hc
1
2
1
f

1
4
  1
2


(y0   hDEV )L (3.91)
In order to draw the graph, two major hypotheses were assumed
- hDEV is chosen so that it is always smaller than the value of y0.
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- We suppose that the turbine is close to the sea level so hc = hDEV
The fth step is the choice of the characteristic length. The characteristic length is chosen to be
L. The average output power is simplied by taking the expression of the output power. The
expression of the average output power as a function of the dimensions of the system is
P = 0:87Waterg
2hDEV
1
2f

1
4
  1
2


H
2
  hDEV

LC
with  = sin 1

2hDEV
H

(3.92)
From the expression of the average output power as a function of the characteristic length in
equation 3.92, the average output power of the overtopping device initially depends on the power
1 of the scale factor of the scaling transformation.
It is possible to consider that hDEV is also a dimension of the system and if it is chosen as
hDEV =
LC
10 then the expression depends on the power 3 of the scale factor.
It is also possible to consider that the model of the overtopping device relies on a turbine and
by analogy with a wind turbine or a current turbine deduce that the expression of the average
output power depends on the power 2 of the scale factor.
3.2.7 Current Turbine Mechanism
The marine current turbine model are independent from the waves because they use current
ows, in most cases tidal current ows. This model eectively is similar to that of a wind
turbine with the rotor blades driven not by wind power but by marine currents.
The parameters are dened in Table 3.8.
For all types of uid, the Betz limit equation denes the general power coecient
CPk =
P
1
2kAkU
3
(3.93)
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Parameter Denition
CPk General kinetic power coecient
k General mass density of a uid
Ak Area of a turbine
D Diameter of the current turbine
Lc Characteristic length
Table 3.8: Parameter denitions for the current turbine model.
The average output power is then
P = CPk
1
2
kAkU
3 (3.94)
The power of a marine current turbine can be approximated by the one of a general turbine by
replacing the general parameters with values specic to a marine current.
Equation 3.94 becomes
P =

8
CPwaterU
3

D
2
2
(3.95)
with CP the water kinetic power coecient and water mass density of water. The characteristic
length is chosen to be the radius of the turbine.
P =

8
CPwaterU
3L2c (3.96)
From the expression of the average output power as a function of the characteristic length in
equation 3.96, the average output power of the current turbine depends on the power 2 of the
scale factor of the scaling transformation.
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3.2.8 Mechanism Based on Photovoltaic Solar Panels
The photovoltaic solar panel is also independent from the waves. A photovoltaic solar panel is
made with an array of cells which are PN junctions. Photons arriving on the cell generate the
electrical current in the semiconductor and this current is extracted by contacts to the front and
rear of the cell.
The parameters are dened in Table 3.9.
Parameter Denition
 Eciency of the solar panel
PS Average Solar Power
L Length of the squared panel
Lc Characteristic length
Table 3.9: Parameter denitions for the solar panel model.
The output power is given by
P = PSL
2 (3.97)
Supposing a cubic buoy covered with photovoltaic solar panels on all its faces but the one
beneath as presented in Figure 3.18
Figure 3.18: Simplication of the PV solar panel model.
P = 5PSL
2 (3.98)
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The assumption that L = Lc leads us to the expression of the output power
P = 5PSL
2
c (3.99)
From the expression of the average output power as a function of the characteristic length in
equation 3.99, the average output power of the photovoltaic solar panel depends on the power
2 of the scale factor of the scaling transformation.
This energy harvesting mechanism is the most widely used in a marine environment since it has
a good power density and since it is commercially available with an aordable price.
However as far as the MOBESENS application is concerned, not producing power continuously
throughout the day time constitutes a major constraint.
3.2.9 Summary Table of the Expressions of Output Power
The expressions of the output power are summarized in Table 3.10. The power of Lc named n
involved in the output power expression is specied in the third column.
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Energy harvest-
ing mechanism
Output power formulae n
Linear mass-
spring-damper
P = 3Hf3L4c 4
Rotating mecha-
nism (pendulum)
P = 124g
2
b0fL
4
c 4
Floating tethered
buoy
P = 42bgHfL
3
c 3
Hinge movement P = 14

102
gfL4c 4
Oscillating water
column
P = 2airgfH
2L2c 2
Overtopping device
P = 0:87Waterg
2hDEV
1
2f
 
1
4   12
  
H
2   hDEV

LC
1
with  = sin 1

2hDEV
H

Current turbine P = 8CPwaterU
3L2c 2
Photovoltaic solar
panel
P = 5PSL
2
c 2
Table 3.10: Output power expressions as function of the characteristic length.
3.3 Output Power: Comparison and Interpretation
The mechanisms are compared in order to guide the choice of the most ecient and appropriate
mechanism given specic conditions. This comparison of systems which rely on dierent struc-
tures, is based on the expressions of the output power as a function of a characteristic length and
external parameters such as the waveheight and the wave frequency. For a xed set of external
parameters the output power becomes a function of one parameter: the characteristic length.
As the output power depends on a power k of the characteristic length, some systems are more
ecient than others for particular ranges of Lc.
In this section the comparison between the expressions of average output power for the dierent
energy harvesting mechanisms is presented and the interpretation of the dierent comparison is
detailed.
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3.3.1 Comparison
This section deals with the comparison of the dierent output powers as a function of the
characteristic length. The choice of the parameters and the restrictions on the range of values
of the characteristic length are presented for each mechanism and then the comparison graphs
are presented.
3.3.1.1 Choice of Parameters and Restrictions
The values of the xed parameters for the comparison are presented in Table 3.11.
Energy harvesting mechanism Parameter Value Unit
General mechanism
g 9:81 (N:m 1)
steel 7850 (kg:m
 3)
f 0:25 or 0:1 or 0:3 or 1 or 2 (Hz)
H 0:3 or 0:2 or 1 or 4 (m)
Linear inertial mechanism N.A.
Rotating mechanism b0

4 (rad)
Floating tethered buoy b 1:2 (kg:m
 3)
Hinge movement N.A.
Oscillating water column Air 1:2 (kg:m
 3)
Overtopping device
Water 1000 (kg:m
 3)
hDEV 0:1 (m)
Marine current turbine
Cp 0:5 from [81] N:A:
U 2 from [82] (m:s 1)
Photovoltaic solar panel
 15% N:A:
PS 1000 (Wm
 2)
Table 3.11: Parameter values for the comparison graphs.
The restrictions on the range of values for the characteristic length are presented in Table 3.12.
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Energy harvesting mechanism Range of L
Pendulum No obvious restriction. The SEAREV is presented
in [12].
Linear mass-spring-damper

10 3; 10

A model of a micro-device is presented in
[69] and the SRI buoy is presented in [19].
Floating tethered buoy No obvious restriction.
Hinge movement No obvious restriction. The Pelamis is presented in
[27].
Oscillating water column
L  0:1 Arbitrarily restricted as water properties may
vary signicantly with the size if smaller dimensions
are considered.
Overtopping device
L  1 This mechanism is considered not reducible
below the wavelength. Hence its domain is arbitrarily
restricted.
Current turbine

10 3; 10

A micro-turbine is presented in [83] and a
sea current turbine is presented in [41].
Photovoltaic solar panel No obvious restriction.
Table 3.12: Potential restrictions of the range of Lc
A sea state is mainly characterized by a signicant wave height, namedHS , and a wave frequency,
named f . In order to simplify the comparison by varying only one parameter at a time, it is
assumed that
- Waves are supposed to have an ideal sinusoidal wave form with an average wave frequency
and an average wave height corresponding to a sea state.
- A smooth sea state has a higher frequency than a normal one and a heavy sea state is
supposed to have a greater wave height than the normal one.
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3.3.1.2 Comparison Graphs
The comparison graphs are plotted rst for three dierent sea states, referring to light air, gentle
breeze and fresh breeze on a Beaufort scale. Then they are plotted for three dierent cases for
which the wave frequency varies within the spectrum of frequency of the sea state and the wave
height is xed. Also they are plotted for three dierent cases for which the wave height varies
and the wave frequency is xed. Finally data points representing real devices are added to the
graphs.
For Three Dierent Sea States
The chosen sea states are 1; 2:5 and 5. They correspond to light air, gentle breeze and fresh
breeze on a Beaufort scale. The reference sea state is chosen to be sea state 2:5.
The comparison graph are rst plotted for the reference sea state and a smoother sea state in
Figure 3.20 and then for a reference sea state and a heavier sea state in Figure 3.21.
Sea states are actually associated to both a range of wave heights and a range of wave periods
(or a wave spectrum). Thus in Figure 3.19 the sea states from 1 to 5 are presented as rectangles
for which the width is the range of wave heights and the length is the range of wave periods
(data from [84]).
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Figure 3.19: Link between wave frequency and wave height for dierent sea states.
From Figure 3.19 it is visible that the higher the wave is, the smaller the wave frequency is.
Analyzing how the power will be inuenced by a change in the sea state is interesting because
the wave frequency and the wave height are correlated variables.
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(a) Graph for reference sea state 2:5.
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(b) Graph for sea state 1.
Figure 3.20: Comparison graph for reference vs smoother sea state.
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(a) Graph for reference sea state 2:5.
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(b) Graph for sea state 5.
Figure 3.21: Comparison graphs for reference vs heavier sea state.
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For a Fixed Wave Height
The sea state 2:5 corresponding to gentle breeze on the Beaufort scale is taken as a reference.
The sea state is by denition characterized by a signicant wave height and a range of wave
periods. The extremums of this range are used for the determination of the lower frequency and
the higher frequency. The lower and higher frequencies correspond to the longest and shortest
wave periods respectively. The case with the lower frequency characterizes a sea state heavier
than the reference.
The graphs are plotted for a xed wave height at a reference frequency and a lower frequency
in Figure 3.22. Then the graphs are plotted at a reference frequency and a higher frequency in
Figure 3.23.
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(a) Graph for reference frequency (xed height).
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(b) Graph for lower frequency(xed height).
Figure 3.22: Comparison graphs reference vs lower frequency (xed height).
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(a) Graph for reference frequency (xed height).
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(b) Graph for lower frequency(xed height).
Figure 3.23: Comparison graphs reference vs higher frequency (xed height).
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For a Fixed Wave Frequency
The sea state 2:5 corresponding to gentle breeze on the Beaufort scale is also taken as a reference.
A wave frequency does not directly correspond to a sea state as it is described with a spectrum
of frequencies. Consequently it is expected by selecting dierent wave heights for the same
frequency that the graphs are similar to the sea state comparison.
The graphs are plotted for a xed wave frequency at a reference and a smaller height in Fig-
ure 3.24. Then the graphs are plotted at a reference and a larger height in Figure 3.25.
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(a) Graph for reference height (xed frequency).
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(b) Graph for smaller height (xed frequency).
Figure 3.24: Comparison graphs reference vs smaller height (xed frequency).
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(a) Graph for reference height (xed frequency).
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(b) Graph for larger height (xed frequency).
Figure 3.25: Comparison graphs reference vs larger height (xed frequency).
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Comparison with data points representing real devices
The sea state 2:5 corresponding to gentle breeze on the Beaufort scale is taken as a reference.
Data points representing real devices for wave energy harvesting mechanisms are derived. Pa-
rameter values are presented in Table 3.13.
The graphs are plotted for a reference and a heavy sea state in Figure 3.26.
Mechanism Power (W) Volume V (m3) Lc =
3
p
V (m)
Linear Inertial (SRI buoy) 10 0:125 0:5
Rotating inertial (Searev) 500  103 3375 15
Surface generation (Seabased) 10  103 15 2:47
Hinge movement (Pelamis) 750  103 1400 11:2
OWC (Limpet) 500  103 141 5:2
Overtopping (Wave Dragon) 14  103 55 3:8
Table 3.13: Parameter values for the comparison with real devices.
Apart from the overtopping device mechanism in sea state 5, the data points representing real
devices do not correspond to the values found with the simulated models. The linear and
rotating inertial mechanisms and the hinge movement mechanism are overestimated while the
surface generation, the oscillating water column and the overtopping devices are underestimated.
For all the mechanisms the discrepancy between the real data and the simulation is reduced for
a sea state heavier than the reference and more especially for the overtopping device.
The discrepancies are likely to be caused by the approximations of volume and the simplications
in the expressions of power.
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(a) Graph for reference sea state 2:5.
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Figure 3.26: Comparison graphs with points representing real devices.
3.3.2 Interpretation
3.3.2.1 General
In general, devices with a large n (n  3) achieve theoretically better power densities at large
sizes (Lc  10), and those with small n (n  2) achieve better power densities at small sizes
(Lc  10 2).
For a characteristic length range of 10   100m, the hinge movement wave energy conversion
mechanism and the rotating inertial pendulum mechanism are the best options according to the
graphs. For a characteristic length range of Lc  0:1 the current turbine and the solar panel
appear as the most appropriate solutions, considering the graphs.
The photovoltaic solar panel and the current turbine are independent from the considered wave
parameters. However, the current turbine mechanism is appropriate for an environment with
some currents and the photovoltaic solar panel is appropriate for sunny weather.
3.3.2.2 Between Dierent Sea States
Between dierent state: general remarks
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According to Figure 3.20 and Figure 3.21, for a smoother sea state, the linear inertial mecha-
nism and the rotating mechanism are some of the more appropriate options for devices with a
characteristic length Lc  2.
For a characteristic length range of Lc  2 then the solar panel and the current turbine remain
the most appropriate options.
Comparison between reference and smoother sea states
The linear inertial and the rotating inertial mechanism undergo weak changes with a smoother
sea state. It is the same for the hinge mechanism.
The power developed by a oating tethered buoy mechanism is aected by the change of sea
state and in this case it is a mechanism that is more ecient than the inertial mechanisms for
a shorter range Lc  10 2 than in the reference case.
The oscillating water column mechanism is less appropriate than in the reference case. For
a characteristic length Lc = 10 the expected output power is 100W while it is 500W in the
reference case.
The output power of the overtopping mechanism strongly depends on the sea state. The
smoother the sea state is the less power is produced.
The oscillating water column is more interesting in a smoother sea state than the overtopping
device mechanism.
Comparison between reference and heavier sea states
The linear inertial mechanism undergoes weak changes with a heavier sea state. It is the same
for the hinge mechanism.
The rotating inertial mechanism is not signicantly sensitive to the change of sea state however
the higher the sea state is the less power is produced and the behaviour is then similar to a
hinge mechanism.
The oating tethered buoy mechanism (surface) becomes more interesting for a heavier sea state.
If the solar panel and the current turbine mechanism are not included then this mechanism
becomes an appropriate solution for a wider range of characteristic length Lc  0:4.
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Both the output power of the oscillating water column mechanism and the overtopping mecha-
nism are increased if the sea state is heavier than in the reference case.
The overtopping device is more interesting than an oscillating water column for a heavier sea
state.
3.3.2.3 Fixed Wave Height, Dierent Wave Frequencies
Fixed wave height, dierent wave frequencies: general remarks
The linear and rotating inertial mechanisms as well as the hinge movement mechanism are
weakly aected by the change in frequency. The higher the frequency is the more power is
produced.
The oating tethered buoy mechanism becomes more interesting in the range of characteristic
lengths that is shortened from LC  0:08 to LC  0:01 if the frequency increases from f = 0:16
to f = 0:5.
Fixed wave height, comparison between reference and lower frequency
The linear and rotating inertial mechanisms are less ecient in this case than in the reference
case. It was expected as lowering the frequency approaches a sea state heavier than the reference.
Besides the dierent in the output power is reduced to zero between the two mechanisms, the
linear mechanism is more sensitive to the changes in the frequency than the other systems
depending of the power 4 of the characteristic length.
The oating tethered buoy mechanism does not seem aected by the frequency decrease. It has
a larger range of characteristic lengths LC  0:08 for which the system is more appropriate than
the other systems depending of the power 4 of the characteristic length.
The hinge movement mechanism has a behaviour similar to the rotating inertial mechanism.
The oscillating water column mechanism is weakly aected by the frequency decrease.
The overtopping device mechanism is strongly aected by the frequency decrease. For a xed
height this mechanism is more appropriate than the oscillating water column mechanism.
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Fixed wave height, comparison between reference and higher frequency
The linear inertial mechanism becomes the most appropriate system for a wider range of char-
acteristic lengths LC  0:2 than in the reference case (LC  0:5) and signicantly goes beyond
the rotating mechanism.
The output power of the rotating inertial mechanism and the hinge movement mechanism have
both increased but the deviation between these two technologies remains the same in the loglog
graph.
The oating tethered buoy mechanism does not seem aected by the frequency increase.
The output power of the oscillating water column mechanism increases when the frequency
increases.
The overtopping device is weakly aected by the frequency increase. For higher frequencies there
exists a range of characteristic lengths LC  30 so that the oscillating water column mechanism
is more appropriate than the overtopping one.
3.3.2.4 Fixed Wave Frequency, Dierent Wave Heights
Fixed wave frequency, dierent wave heights: general remarks
The output power for the inertial mechanisms are still the most appropriate for the range of the
characteristic lengths LC  10 however the larger the height is the more the better the systems
depending of the power 2 or less of the characteristic length are.
The oscillating water column mechanism is heavily inuenced by the wave height as it depends
on the square of it. The oating tethered buoy mechanism is also more inuenced by the wave
height than the other mechanisms.
Fixed wave frequency, comparison between reference and smaller wave height
As the linear inertial mechanism is heavily inuenced by the decrease in the wave height while
the rotating inertial mechanism is not then the lines come on top of each other.
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The hinge movement mechanisms seems unchanged when the wave height is decreased from 0:9
to 0:3m.
The oating tethered mechanism is one of the most appropriate choice for Lc  0:02 compared
to the inertial mechanisms and for Lc  0:2 compared to the hinge movement mechanism
respectively.
Both the oscillating water column mechanism and the overtopping mechanism are inuenced
by the decrease in the wave height. However the intersection between the two lines practically
remains unchanged.
Fixed wave frequency, comparison between reference and larger wave height
The linear inertial mechanism is heavily inuenced by the increase in the wave height.
The rotating inertial and the hinge movement mechanisms seems unchanged when the wave
height is increased from 0:9 to 3m.
The oating tethered mechanism is also inuenced by the increase in the wave height. It is one
of the most appropriate choice for Lc  0:03 compared to the linear inertial mechanism and for
Lc  0:3 compared to the rotating inertial mechanism respectively.
The oscillating water column mechanism is the most sensitive to wave height modications. For
the range LC  0:2 it is in this case equal or better than the oating tethered buoy and rotating
inertial mechanisms. or the range LC  0:5 it is in this case better than the hinge movement
mechanism.
The overtopping device is also strongly inuenced by the height increase. For larger heights
there exists a range of characteristic lengths so that the oscillating water column mechanism is
more appropriate than the overtopping mechanism.
Addition of data points representing real devices
3.3.2.5 Choice of Mechanism for the MOBESENS Project
The requirements for the MOBESENS project are not only based on the eciency. The design
of a prototype is chosen using this study and also taking into account the additional constraints
of the project. Anchorage and robustness are thus considered.
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The need of mobility of the sensing platforms implies that the design of the harvesting power
supply should not depend on any anchorage. It eliminates thus the mechanisms that heavily
rely on the relative movement between the sea bottom and the surface. The oating tethered
buoy and the oscillating water column and the overtopping mechanisms are disadvantaged.
The need of robustness of the platforms favours systems that are fully enclosed and are not in
direct contact with water. The hinge movement mechanism is disadvantaged.
The need of stability favours systems with weak sensitivity to the changes in frequency. The
linear inertial mechanism is disadvantaged.
The output power for a small characteristic length is taken into account. This is a general
disadvantage for the mechanisms depending of the power 4 of the characteristic length.
The solar panels are disadvantaged for the reason that the output power needs to be continuously
harvested.
The inertial mechanisms and the hinge movement mechanism have a good power density at
a large scale but they also turn out to be good for an energy harvesting scale because design
considerations in the MOBESENS project eliminate some the other systems.
Both could be chosen for the choice in a sea or lake environment and the current turbine could
be chosen for a river environment. The inertial pendulum mechanism is detailed in the next
section.
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3.4 Inertial Systems for the MOBESENS Project
The choice of an inertial oscillating pendulum mechanism led us to investigate the resonant
properties of the presented oscillating structures. The goal is to present models with, or without,
resonant behavior: an inertial pendulum model, an inertial disk model and a variant of the
inertial disk model with a spiral spring.
3.4.1 Inertial Pendulum
The chosen inertial structure for the rst prototype of the wave energy harvesting generator is
presented. It is similar to an inertial pendulum.
The model of the inertial pendulum type is a semi-cylinder shaped mass that can move relatively
to the host vessel as presented in Figure 3.27. In this model, the rotation axis of the mass
coincides with the pitch axis of the hosting structure. A generator, whose stator is linked to the
boat structure and whose rotor is linked to the pendulum mass, extracts the energy from the
relative movement. The parameters are dened in Table 3.14.
Figure 3.27: Schematic diagram of the inertial pendulum model.
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Parameter Denition
m Mass of the pendulum
b Angle between the host vessel and the vertical axis
d Angle between the pendulum mass and the vertical axis
!b Angular speed of the host vessel
!d Angular speed of the pendulum mass
J Moment of inertia of the pendulum mass
g Gravitational constant
L Radius of the pendulum mass
k Generator's constant
R Resistive load
V Voltage output of the generator
I Current used by the load
Dpar Parasitic damping
D Constant dened by D = k
2
R +DPar analog to a damper
TRotor Torque applied by the rotor on the pendulum mass
TParasitic Parasitic torque
TGravity Torque applied by gravity on the pendulum mass
Table 3.14: Parameter denitions for the inertial pendulum model.
The dierential equation of movement is given by
J _!d = TRotor   TParasitic   TGravity (3.100)
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The expression of TRotor is
TRotor = k I
= k
E
R
=
k2
R
(!b   !d) (3.101)
The expression of TParasitic is
TParasitic = Dpar(!b   !d) (3.102)
Replacing the torques by their expressions leads to
J _!d + k
2!d
R
+Dpar!d +mgLsind = k
2!b
R
+Dpar!b (3.103)
It is obtained
J d +

k2
R
+Dpar

_d +mgLsind =

k2
R
+Dpar

_b (3.104)
Using the damper D yields to
J d +D _d +mgLsind = D _b (3.105)
The instantaneous output power is given by
P (t) = V (t)i(t)
=
V 2(t)
R
=
k2[ _b   _d]2
R
(3.106)
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The average output power is the half of the instant output power.
D is equivalent to a damper (unit N:s:m 1). In order to plot the output power as a function
of the damper and the external frequency, the resistive load is supposed to be constant. The
values chosen for the parameters are given in Table 3.15.
Parameter Value Unit
g 10 (m:s 2)
L 0.1 (m)
d 0.2 (m)
V L
2d
2 (m
3)
 8000 (kg:m 3)
m V (kg)
J 0:5mL2 (kg:m2)
b 0.25 (rad)
R 100 (Ohms)
Dpar 0:4 (N:s:m 1)
! 0:1  !  30 (rad:s 1)
k 0:1  k  7 (N 12 :s 12 :
 12 :m  12 )
Table 3.15: Parameter values for the inertial pendulum simulation.
Figure 3.28 is a Matlab simulation that shows the variations of the output power of the iner-
tial pendulum structure as a function of both the external wave frequency and of the system
parameter D.
Using the small angle approximation, equation 3.105 is similar to a second order model showing
a resonant frequency. However in Figure 3.28, the output power is zero at the natural frequency
of the system. Indeed at the natural frequency, the relative velocity between the host vessel and
the pendulum mass is zero, so no power can be expected at the natural frequency.
Besides, for frequencies larger than the natural frequency, the power decreases as the frequency
increases. The model of the input signal does not initially take into account the low-pass lter
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Figure 3.28: Average output power of the inertial pendulum model.
eect of the interaction between the host vessel and the wave. A second order low-pass lter
(wc = 2    3 and  = 2) was thus implemented in the model of the input signal.
For frequencies smaller than the natural frequency, the output power reaches a local maximum.
The amplitude of this local maximum increases when the damper increases.
From Figure 3.28 it is deduced that the inertial pendulum structure is anti-resonant. However
when the prototype was tested on a rocking platform in laboratory conditions, it revealed a
resonant behaviour. One explanation for the discrepancy between the presented model and the
tested prototype is that the axis of the pendulum mass does not coincide with the axis of the
rocking platform.
In order to reduce this discrepancy it is observed that the structure could be modelled with a
particular double pendulum model so that the assimilation to a resonant model can be considered
relevant. A double pendulum structure with the rst limb being signicantly shorter than
the second limb and with the oscillation angle of the rst limb being negligible may be the
appropriate candidate as, for a certain range of angles, this double pendulum structure could
behave like a simple pendulum structure with resonance.
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3.4.2 Inertial Disk
3.4.2.1 Inertial Disk Structure
The inertial disk structure is a plain cylinder that can rotate around its revolution axis as
presented in Figure 3.29.
The shaft sticks to the hosting boat structure and its specicity is that it coincides with the
rocking axis of the boat. A generator extracts the energy from the relative movement between
the boat and the disk. The rotor sticks to the revolution axis and the corresponding stator is
supported by the disk. The parameters are dened in Table 3.16.
Figure 3.29: Schematic diagram of the inertial disk model.
When the host vessel rocks because of the waves, the rotor of the generator spins at !b, and a
voltage V can be measured on the stator due to the relative movement.
When there is a load, the current circulating in the stator creates a magnetic eld that inuences
the magnetic eld of the rotor. This can be modeled by a resistive torque of amplitude Tr that
makes the stator move at !d. Considering the disk (without parasitic damping), it is obtained
J _!d = Tr (3.107)
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Parameter Denition
m Mass of the disk
!b Angular speed of the host vessel
!d Angular speed of the disk mass
J Moment of inertia of the disk mass
g Gravitational constant
L Radius of the disk mass
k Generator's constant
R Resistive load
V Voltage output of the generator
I Current used by the load
Dpar Parasitic damping
D Constant dened by D = k
2
R +Dpar analog to a
damper
TRotor!Stator Torque applied by the rotor on the stator of the
generator
Table 3.16: Parameter denitions for the inertial disk model.
Supposing the generator is a DC motor yields to
Tr = ki(t) (3.108)
V (t) = k[!b(t)  !d(t)] (3.109)
Using the Ohm's law it is then obtained
J _!d = ki(t)
= k2
V (t)
R
= k2
[!b(t)  !d(t)]
R
(3.110)
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Consequently the dierential equation of movement (taking into account the parasitic damping)
is given by
J _!d + k
2!d(t)
R
+Dpar!d(t) = k
2!b(t)
R
+Dpar!b(t) (3.111)
Using the variable D yields to
J _!d +D!d(t) = D!b(t) (3.112)
Besides, the expression of the instantaneous power is
P (t) = V (t)i(t)
=
V 2(t)
R
= k2
[!b(t)  !d(t)]2
R
(3.113)
The average output power is the half of the instant output power.
The values chosen for the parameters are given in Table 3.17.
Figure 3.30 is a Matlab simulation that shows the variations of the average output power of the
inertial disk structure as a function of both the wave frequency and of the system parameter D.
Compared to the pendulum structure, there is no longer an anti-resonant frequency. Figure 3.30
also conrms that the inertial disk structure model is not resonant.
For a xed damper, the average power decreases when the frequency increases. The model of
the input signal does not initially take into account the low-pass lter eect of the interaction
between the host vessel and the wave. A rst order low-pass lter (wc = 2    5) was thus
implemented in the model of the input signal.
For a xed frequency, there is a value of the damper so that the average power is maximized.
Around a frequency of 1Hz and with an optimal damper, the average power could reach 5 watts.
3.4 Inertial Systems for the MOBESENS Project 141
Parameter Value Unit
L 0.05 (m)
d 0.2 (m)
V L2d (m3)
 8000 (kg:m 3)
m V (kg)
J mL2 (kg:m2)
!b 10 (rad:s 1)
R 100 (Ohms)
Dpar 0:2 (N:s:m 1)
! 0:1  !  80 (rad:s 1)
k 0:1  k  19 (N 12 :s 12 :
 12 :m  12 )
Table 3.17: Parameter values for the inertial disk simulation.
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Figure 3.30: Average output power of the inertial disk model.
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3.4.2.2 Variant of the Inertial Disk Structure
This variant, Figure 3.31, was developed on a basis similar to the model of the inertial disk.
Indeed a spiral spring, placed between the axis of the boat structure and the disk, results in
a resonant model. In addition to the parameters dened for the inertial disk structure model,
Table 3.18 presents the additive parameters used in the variant of this model.
Figure 3.31: Schematic diagram of a variant of the inertial disk model.
Parameter Denition
b Angle between the host vessel and the vertical
axis
d Angle between the disk mass and the vertical
axis
 Relative angle created between the boat and the
inertial disk
S Spring stiness
TSring Torque applied by the spring on the disk mass
TSring =  S
Table 3.18: Additive parameter denitions for the variant of the inertial disk model.
The dierential equation of movement (without parasitic damping) is then given by
J _!d =
X
Tr (3.114)
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J _!d = TRotor + TSpring (3.115)
Replacing the torques by their expressions leads to
J _!d + k
2!d(t)
R
+ S = k2
!b(t)
R
(3.116)
It is obtained
J d + k
2
_d(t)
R
+ S = k2
_b(t)
R
(3.117)
Implementing the parasitic damping leads to
J d + k
2
_d(t)
R
+Dpar _d(t) + S = k
2
_b(t)
R
+Dpar _d(t) (3.118)
Using the variable D yields to
J d +D _d(t) + S = D _b(t) (3.119)
The average output power is the half of the instant output power.
The values chosen for the parameters are given in Table 3.19.
Figure 3.32 shows the variations of the output power both as a function of the external operating
frequency and as a function of the system parameters for the variant of the inertial disk structure.
Compared to the inertial disk model, there is a frequency for which the power can reach a
maximum. Figure 3.32 conrms that the variant of the inertial disk structure presents a resonant
frequency. At the resonant frequency, the lower the damper is, the more power can be extracted
from the system. This power is limited because of the parasitic damping. The resonant peak is
however narrow.
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Parameter Value Unit
L 0.05 (m)
d 0.2 (m)
V L2d (m3)
 8000 (kg:m 3)
m V (kg)
J mL2 (kg:m2)
S 2 (N:m 1)
b 0.25 (rad)
R 100 (Ohms)
Dpar 0:01 (N:s:m 1)
! 0:1  !  10 (rad:s 1)
k 1  k  3 (N 12 :s 12 :
 12 :m  12 )
Table 3.19: Parameter values for the variant of the inertial disk simulation.
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Figure 3.32: Average output power of the variant of the inertial disk model.
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3.5 Summary of Chapter 3
The contributions to research in this chapter are summarized next.
The scaling laws presented in [78] are explained so that they can be directly applied to output
power expressions of existing energy converters and help in comparing systems with dierent
sizes.
An energy transfer diagram in Figure 3.4 is given so that the power transfer between the source of
energy and the load is illustrated. The highlight is given to the simplication of the hydroelectric
conversion.
Output power formulae are derived from dierent models of potential energy harvesting solutions
in a marine environment and summarized in Table 3.10. The expressions of average output power
depend on the characteristic length Lc and the parameters dening the source of energy such as
the wave height and the wave frequency.
The value of the dierent parameters are chosen (Table 3.11) and the restrictions of the charac-
teristic length for each mechanism are detailed in Table 3.12. The couples of wave frequencies
and wave heights are also chosen.
The output power of eight mechanisms are drawn in loglog graphs as functions of the character-
istic length. Several graphs are plotted as dierent couples of wave height and wave frequency
are chosen. The graphs are compared to a reference when the sea state varies, or when the wave
height is xed and the frequency changes and in the last comparison, when the frequency is
xed and the wave height changes.
Interpretations of the graphs are given. In general, devices with depending on a large power
of the characteristic length achieve theoretically better power densities at large sizes, and those
depending on a small power of the characteristic length achieve better power densities at small
sizes.
The choice of energy harvesting mechanism is explained. Inertial structures have as an advantage
a fair eciency, the robustness and the independence to any type of anchorage.
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Three potential structures, the inertial pendulum, the inertial disk and a variant of the inertial
disk, are developed for the energy harvester of the MOBESENS project and simulations for
expected output power were performed.
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Chapter 4
Optimization Using Load
Adaptation and Integration
The design of the energy harvesting (EH) generator is assumed xed and optimized. It is also
assumed that the load is xed and optimized so that there is no longer any possible enhancement
in the design that can improve the eciency of the complete system composed of the energy
harvesting generator and the load as shown in Figure 4.1. There still exists a possibility to
improve the system by optimizing the power transfer between its two dierent parts.
Figure 4.1: Schematic diagram of a complete system using an EH generator.
This section describes the optimization of the power transfer between an energy harvesting
generator and its load. First this section deals with the need for the optimization of the power
transfer between an energy harvester and its load then the theoretical model of the optimization
is described and then an H-bridge converter is implemented in the model and the simulations
148 Chapter 4. Optimization Using Load Adaptation and Integration
validating the model are presented. Lastly details of the integration of this optimization in the
MOBESENS project are presented.
4.1 The Need for the Optimization of the Power Transfer
The main advantage of EH generators is the availability of resources. The main problem of EH
generators is the low eciency. Improving the eciency is thus one of the main goals in the
EH domain. The rst approach is to optimize the design of the EH generator so that once in
operation, the losses are reduced and to optimize the design of the load so that it requires low-
power. The second approach is more general. It consists of considering the complete system and
improving the power transfer between the generator and the load. In this chapter the application
of this optimization is restricted to the domain of EH generators presenting a resonant behaviour.
The optimization of the power transfer is useful as it can enlarge the range of frequencies over
which the resonant EH generator can harvest energy.
Maximizing the power transfer is based on the application of the Load Adaptation Principle or
Impedance Matching principle. This principle determines the expected input impedance of the
load such that the power transfer is maximized.
Figure 4.2: Schematic diagram of an EH complete system with an equivalent load.
Dierent optimizations based on the Load Adaptation Principle are possible. Among them two
types can be distinguished, one passive and one active. The passive optimization works for
a source with a xed frequency and relies on adding passive components such as resistances,
inductances and capacitances to physically modify the input impedance of the load towards the
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generator. The active optimization relies on a converter structure that mimics the expected
input impedance of the load towards the generator for a given frequency of the source. The
converter is implemented with a storage in between the load and the generator as shown in
Figure 4.2. The converter is thus an element of the equivalent load that is connected to the
generator.
The main advantage of the active compared to the passive optimization is that it works with
an energy source with a frequency that could change during the experiment because with the
control of the converter it is possible when a change is detected to readapt the input impedance.
In this chapter the considered optimization is active.
The converter is the key to the maximization of the power transfer and acts as an interface
between the generator and the load. Several converter structures are possible.
In this chapter an H-bridge structure is presented and implemented as this topology presents
the advantage of being a simple reversible converter.
4.2 Theoretical Model of the Maximization
The theoretical model of the maximization results in the determination of the expression of the
impedance of the load so that power transfer is maximized.
In this section, an electrical equivalent model to a complete system with an energy harvesting
Velocity-Damped-Resonant-Generator (VDRG) model is presented, the Thevenin Theorem is
then applied on the electrical equivalent model for simplication motives and the determination
of the expected optimal load is completed by using the Load Impedance Matching Principle on
the model, then the expression of the expected optimal load and the expression of the maximal
power are presented.
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4.2.1 Equivalent Electrical Model
Finding analogies and transferring all the parts of the system into the electrical domain enables
a better understanding of the power transfer between the generator and the load. The equiv-
alent electrical model of the complete system also facilitates the application of the Impedance
Matching Principle. First the analogy between an EH generator with a resonance and a VDRG
generator is presented, then the electrical equivalent model of the complete system with a VDRG
harvester is described. Besides in order to apply the Thevenin theorem the impedance of the
energy capture is simplied and lastly the simplied electrical equivalent model of the complete
system is presented.
4.2.1.1 Analogy Between a Resonant EH Generator and a VDRG Generator
The model of the energy harvesting generator with a resonance is considered analog to a VDRG
generator model because the dierential equations of an oscillating pendulum and a linear mass-
spring-damper system are both examples of second-order systems. The VDRG harvester model
is used as a standard for simplication purposes.
4.2.1.2 Presentation of the Complete System with a VDRG Generator
A complete system using a VDRG generator is presented in Figure 4.3. The complete system is
composed of two parts, the generator and the load. The generator is composed of two subparts:
the energy capture and the transduction.
The parameters are summarized in Table 4.1.
The external source of energy is represented by Fext. The energy is captured as the mass moves
relative to the frame when the energy harvesting generator undergoes external vibrations. The
conversion into electrical energy is performed by the damper D, in this case performing an
electromechanical power conversion.
Dpar and Dext are two virtual parts of the same damper D. It is not possible in the mechanical
domain to separate both but in the schematic it is easier to understand that one part of the
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Figure 4.3: Schematic diagram of the complete system with VDRG generator.
damper loses power while another part converts it into the electrical domain. The approach is
to place the two dampers in parallel and not in series.
The complete system with a resonant EH generator is considered analog to the electrical equiv-
alent model of the complete system with a VDRG generator.
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Parameter Denition
m Inertial mass of the harvester
k Spring stiness
D Damper (combines the two types of dampers)
Dpar Parasitic damper
Dext Extraction damper
Fext External force applied on the harvester
x(t) Displacement of the mass
y(t) Displacement of the gravity centre of the frame (Sinusoidal
amplitude Y 0, frequency ! and y(t) = Y0sin(!t))
z(t) Relative displacement of the mass
_z Velocity of the mass
ZLoad Impedance of the load
VLoad Voltage of the load
ILoad Current consumed by the load
!0 Natural frequency of the harvester !0 =
q
k
m
Q Quality factor Q = m!0D
Table 4.1: Parameter denitions for the mechanical VDRG model.
4.2.1.3 Complete System and its Electrical Equivalent Model
The energy capture part, the transduction part and the load element of the equivalent electrical
model of the complete system with a VDRG model are presented then summarized.
 Energy Capture
As the VDRG model presents a resonance behaviour the electrical equivalent model of the energy
capture part has an LRC structure. The mechanical model and its electrical equivalent for the
energy capture part of the generator are presented in Figure 4.4. The parameters are dened in
Table 4.1 and in Table 4.2.
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Figure 4.4: Schematic of the mechanical (a) and electrical (b) model for the energy capture.
The dierential equation of the mechanical model presented in Figure 4.4.a is
mz +Dpar _z + kz = FExt (4.1)
Dividing by m results in
z +
Dpar
m
_z +
k
m
z =
FExt
m
(4.2)
The dierential equation of the electrical model presented in Figure 4.4.b is
C
dU
dt
+
1
L
Z
Udt+
U
R
= I (4.3)
Dividing by C results in
dU
dt
+
U
RC
+
1
LC
Z
Udt =
I
C
(4.4)
Besides the analogy also concerns the power, consequently it can be written
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PMECH = _zFext  ! PELEC = UI (4.5)
Using the dierential equations of the mechanical and the electrical models, it is obtained that
the power extracted by the damper in the mechanical model is equivalent to the power extracted
by the resistance in the electrical equivalent model.
The analogies resulting from this equivalence of the generator part are summarized in Table 4.2
and in Figure 4.5.
Electrical Model Electromechanical Analogies Mechanical Model
Voltage U  ! _z Velocity
Current Source I  ! m(!2Y0) External Force
Capacitance C  ! m Mass
Inductance L  ! 1k Inverse proportion to stiness
Resistance R  ! 1Dpar Inverse proportion to damper
Natural frequency
q
1
LC  !
q
k
m Natural frequency
Quality factor RC!0  ! m!0D Quality factor
Table 4.2: Analogies between the mechanical and electrical models for the energy capture.
Figure 4.5: Schematic of the equivalent electrical model for the energy capture.
Figure 4.5 presents the equivalent electrical model of the energy capture part but the values of
the electrical components have been replaced by their equivalent in the mechanical domain.
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 Transducer
The transduction part in the electrical domain is represented by a transformer (transformation
ratio ) with a parasitic inductance Lp and resistance Rp. The analogies resulting from this
equivalence are presented in Figure 4.6.
Figure 4.6: Schematic of the mechanical (a) and electrical (b) model for the transduction.
The transformer is supposed to be ideal. The electrical equivalent model of the transduction
part can then be simplied. Table 4.3 summarizes the variable changes in the model for the
transduction part, and in the complex impedance of the load.
Model in Figure 4.6 Simplied model in Figure 4.7
L0p Lp =
1
2
L0p
R0p Rp =
1
2
R0p
a0 + jb0 a+ jb = 1
2
(a0 + jb0)
Table 4.3: Parameter changes in the equivalent electrical model.
In Figure 4.7, a simplied electrical model referred to primary of the transduction part is pre-
sented.
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Figure 4.7: Schematic of the electrical model for the transduction with simplied transformer.
 Load
As the load in the complete system is already an electrical load no analogy is needed.
The impedance of the load ZLoad is assumed complex and the real part is named a
0 and the
imaginary part of the load is named b0. These changes in the load are presented in Figure 4.8.
Figure 4.8: Schematic of the load in the complete system (a) and in the electrical model (b).
 Schematic of the equivalent electrical model of the complete system
The equivalent electrical model of the complete system with a VDRG generator is presented in
Figure 4.9.
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Figure 4.9: Equivalent electrical model of the complete system.
In Table 4.4, the parameters are dened.
Parameter Denition Link to mechanical model parameter
C Capacitance Mass
L Inductance Spring stiness
R Resistance Parasitic damper
 Transformer ratio Extraction damper
L0p Inductance Extraction damper
R0p Resistance Extraction damper
I Current source External force
U Voltage Velocity
a0 + jb0 Load Impedance
a0 Active part of the load Impedance
b0 Reactive part of the load Impedance
!0 Natural frequency !0 =
q
1
LC Mechanical natural frequency
Q Quality factor Q = RC!0 Mechanical quality factor
Table 4.4: Parameter denitions for the electrical equivalent of the VDRG model.
As the electrical model is referred to primary and the new schematic of the equivalent electrical
model is presented in Figure 4.10. The parameters L0p, R0p, a0, and b0 are dened in Table 4.3.
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Figure 4.10: Equivalent electrical model with transformer referred to primary.
4.2.1.4 Redenition of the Impedance of the Energy Capture Part
In order to apply later the Thevenin Theorem, the equivalent electrical model is simplied
again. The impedance of the generation part is redened into one complex impedance Zeq. The
expression of Zeq is given by
Zeq =
jL!
1 + j LR! + LC(j!)
2
(4.6)
Figure 4.10 is then simplied into Figure 4.11.
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Figure 4.11: Equivalent electrical model of the complete system with the VDRG generator.
4.2.1.5 To Summarize
An electrical equivalent model of the complete system with a VDRG energy harvesting generator
model is presented in Figure 4.11. Parameters are presented in Table 4.3 and in Table 4.4. The
Thevenin Theorem is applied to this model.
4.2.2 Application of the Thevenin Theorem to the Model
The Thevenin Theorem applied to the generation part of the equivalent electrical model is an
important step towards the application of the Impedance Matching Principle.
The Thevenin Theorem consists in simplifying the system such that the system is composed of
two parts as presented in Figure 4.12 and the expressions of UTH and ZTH are determined.
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Figure 4.12: Thevenin Theorem applied on the equivalent electrical model.
From the application of the Thevenin theorem the expression of UTH is given by
UTH = ZeqI (4.7)
From the application of the Thevenin theorem the expression of ZTH is given by
ZTH = Zeq +Rp + jLp! (4.8)
Separating the active part and the reactive part of the impedance ZTH yields to
ZTH = Rp +
(L!)2
R
(1  LC!2)2 + (LR!)2
+ j
 
Lp! +
L!(1  LC!2)
(1  LC!2)2 + (LR!)2
!
(4.9)
The real part of ZTH is
Re fZTHg = Rp +
(L!)2
R
(1  LC!2)2 + (LR!)2
(4.10)
The imaginary part of ZTH is
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Im fZTHg = Lp! + L!(1  LC!
2)
(1  LC!2)2 + (LR!)2
(4.11)
4.2.3 Impedance Matching Principle
The Impedance Matching Principle relies on both the active and reactive power in the complete
system. Active and reactive power and then the Load Impedance matching Principle are briey
described.
 Active and reactive power
When there is an alternating source, more especially a sinusoidal source, active power and the
reactive power are exchanged in the complete system. The active power is the sum of both the
power dissipated by the load and the power dissipated in the losses. The presence of reactive
power accompanies every alternative movement. It is dened by an exchange of power between
the generator and its load and by the fact that the average reactive power over one period is
zero.
A resonant system presents a particular combination of active and reactive power when operating
at its resonant frequency: the active power is maximized while the sum of reactive powers is
zero.
 Impedance Matching Principle
It is assumed that the load impedance is composed of some active and reactive elements. The
Load Impedance Matching principle consists in maximizing the power dissipated in the load by
making the active element of the load equal to the active element of the Thevenin equivalent
generator impedance, making the reactive element of the load equal to the conjugate of the
reactive element of the Thevenin equivalent generator impedance. As shown in Figure 4.13, the
load Impedance Matching Principle determines an optimal value for the two parts of the load
so that the power transfer is maximized. These conditions are presented in equation 4.12.
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8><>: a = Re fZTHgj b = (j Im fZTHg) (4.12)
Figure 4.13: Load Impedance Matching.
Considering the complete system operating at the resonant frequency of the energy harvesting
generator, the electrical equivalent model shows that some elements in the complete system use
some reactive power. Indeed ideal capacitances and inductances do not dissipate energy but
they only store and release some electrical energy circulating in the system. The storage and
the release of energy is visible in the reactive power used by these components.
It is possible to derive an expression of the optimal load so that the active power consumed
by the optimal load is maximized. This maximization goes through the compensation of the
reactive elements of the system.
The Impedance Matching Principle is justied in the domain in energy harvesting. In a complete
system such as the one presented in Figure 4.1 it can be noted there is a dierence between the
power produced by the generation part, the power consumed by the destination and the power
transferred to the destination. In general the target is to maximize the power consumed by the
load of the system. Besides the Impedance Matching Principle enables the maximization of the
power transfer between a generator and its load but one of the consequences is that the power
consumed by the load is half of the power produced by the generator.
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In general there is a huge dierence between the output impedance of the generation part and
the input impedance of the destination so the maximization of the power transfer is not desirable
because it implies that the power consumed by the destination is half of the power produced by
the generation part. However what is particular in the domain of energy harvesting is the fact
that with so little power produced, the situation is more likely to be that the output impedance
of the generator has the same order of magnitude as the input impedance of the destination.
In this case the maximization of the power transfer is consequently interesting because the
limitation comes from the power transfer between the two parts of the system and no longer
from the power production of the generator.
4.2.4 Expression of the Optimal Load and Maximized Active Power
4.2.4.1 Expression of the Active Power P
The expression of the active power is derived from the expression of the apparent power as
described in equation 4.13
P = Re fSg
= Re fUcIc g
= Re f(a+ jb)IcIc g
= a jIcj2 (4.13)
with using Ohms Law in Figure 4.13
jIcj2 = jUthj
2
(a+Re fZTHg)2 + (b+ Im fZTHg)2 (4.14)
Using equations 4.7, 4.10 and 4.11, the expression of P depending on the load parameters is
given by
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P =
a jIj2
(L!)2
(1 LC!2)2+(L
R
!)2
(a+Rp +
(L!)2
R
(1 LC!2)2+(L
R
!)2
)2 + (b+ Lp! +
L!(1 LC!2)
(1 LC!2)2+(L
R
!)2
)2
(4.15)
4.2.4.2 Expression of the Reactive Power Q
The expression of the reactive power Q consumed by the load is derived from the expression of
the apparent power as described in equation 4.16
Q = Im fSg
= b jIcj2
Q =
b
a
P (4.16)
The expression of the reactive power Q is
Q =
b jIj2
(L!)2
(1 LC!2)2+(L
R
!)2
(a+Rp +
(L!)2
R
(1 LC!2)2+(L
R
!)2
)2 + (b+ Lp! +
L!(1 LC!2)
(1 LC!2)2+(L
R
!)2
)2
(4.17)
4.2.4.3 Expression of the optimal load and maximized active power (Appendix F)
The calculation for the expression of the optimal load and the maximized active power is given
in Appendix F. The expressions of the optimal active and reactive parts of the load impedance
are
aopt = Re fZTHg = Rp +
(L!)2
R
(1  LC!2)2 + (LR!)2
(4.18)
bopt =  Im fZTHg =  (Lp! + L!(1  LC!
2)
(1  LC!2)2 + (LR!)2
) (4.19)
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It is noted that the expressions of the optimal active and reactive parts of the load impedance
depend on the angular frequency !. Consequently the load adaptation of the energy harvesting
generators ( as explained in [76]) takes into account the external source frequency.
In the case aopt and bopt are implemented as the input impedance of the equivalent load of the
complete system, the expression of the maximized power transferred to the load is given by
PMax =
R
4
jIj2 (4.20)
Resonant energy-harvesters supply the maximum of active power when operating at their res-
onant frequency. Supposing the source excitation frequency is xed and dierent from the
resonant frequency, load impedance matching shows that it is possible to maximize the power
dissipated in the load away from the resonant frequency if the load is modied and made optimal.
In that case, Impedance Matching can be interpreted as switching the resonant frequency and
the damper of the system. This maximization of the output power away from the resonant
frequency of the generator widens the range of applications for the considered generator ( [76]).
The requirements for precision manufacture or the needs for mechanical adjustments are thus
relaxed in this conguration.
The original idea is to consider a varying excitation frequency. It is then possible to implement a
real-time varying equivalent load that fullls the load impedance matching principle in real-time
and also copes with the variations of the source excitation frequency.
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Figure 4.14: Optimal real and imaginary part of the load.
0 2 4 6 8 10 12
0
5
10
15
20
25
30
35
40
omega (rad/s)
Figure 4.15: Maximized active power transferred to the load.
The expressions of the real and imaginary parts of the load (equation 4.18 and 4.19) are repre-
sented in Figure 4.14. And the maximized active power transferred to the load (equation 4.20)
is represented in Figure 4.15.
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4.2.4.4 Analogies with the Mechanical Domain
Replacing in the parameters by their equivalent in the mechanical domain using Table 4.4, it is
obtained
aopt = Re fZTHg = Rp +
D(!k )
2
(1  mk !2)2 + (Dk !)2
(4.21)
bopt =  Im fZTHg = Lp! +
!
k (1  mk !2)
(1  mk !2)2 + (Dk !)2
(4.22)
PMax =
m!2Y02
4D
(4.23)
Making analogies between the mechanical domain and the electrical domain have made easier
the understanding of the power transfer between the generator and the load.
To conclude the application of the Impedance Matching enables the adaptation of the complete
system to a wider range of source excitation frequencies. The load has to be adapted to a
certain value so that the active power transfer is maximized. The active adaptation of the load
is made by a converter. An H-Bridge structure was chosen for the converter used as the interface
between the generator and the load.
4.3 H-Bridge
A controlled converter can not only behave like any requested complex impedance but can also
manage the energy storage.
The H-bridge converter was chosen and is implemented into the complete system as presented
in Figure 4.16. An AC/DC H-bridge converter, controlled by PWM signals and playing the role
of a modiable and optimal impedance is presented.
The H-Bridge model followed by its validation are presented.
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Figure 4.16: Implementation of a H-bridge in an EH complete system.
4.3.1 H-bridge Model
The converter is controlled so that it can behave like any xed complex impedance.
A load with complex impedance a + jb is dened. The active power consumed by this load is
named P and the reactive power consumed by this load is named Q.
The active part of the load a only uses the active power P and the reactive part of the load b
only uses some reactive power Q. It is equivalent to dene the load by a complex impedance
value a+ jb or the pair (P;Q) of active and reactive power used.
The pair (P;Q) also denes the apparent power S used by the load. In the Laplace domain S
is dened by
S = P + jQ (4.24)
The apparent power is additionally dened by the voltage Ua+jb and the current Ia+jb undergone
by the load when in operation. In the Laplace domain it gives
S = Ua+jbI

a+jb (4.25)
From equations 4.24 and 4.25 it can be deduced
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Ia+jb =
P + jQ
Ua+jb
(4.26)
The generator is \blind": for the generator there is no dierence when it provides energy for a
load or an equivalent load. The only parameter that is important for the generator is the value
of the input impedance of the destination.
Controlling the active power P and reactive power Q used by any load implies that the voltage
Ua+jb and current I

a+jb across this load are controlled (equation 4.26). It consequently implies
(equation 4.26) that the complex impedance of this load a+ jb is also controlled.
The load a + jb is now the load dened in the complete system presented in Figure 4.16. As
the H-Bridge converter is placed between the generator and the load in the complete system
as shown in Figure 4.17, the value of the input impedance of the equivalent load is controlled.
The control of the H-Bridge modies the demand in active and reactive power of the destination
towards the generator. This modication in the demand of power from the destination results
in modifying the value of the complex impedance of the equivalent load.
In Figure 4.17, at the entrance of the H-bridge block it is possible to set a demand for the active
and reactive power entering into the H-bridge. The demand in active power is named PREF
and the one in reactive power is named QREF . These two demand signals are used to build the
control of the duty cycle so that the H-bridge uses the requested active and reactive power.
Among the possible demand signals PREF and QREF , there are of course particular demand
signals so that the H-bridge behaves like the optimal matching impedance towards the generator.
These demand signals take into account the source excitation frequency !, the H-bridge can cope
with variations in the excitation frequency in order to maintain the maximization of the power
transfer.
Besides if the capacitor of the H-bridge is replaced by a battery, the converter can both extract
the maximum power from the generator, and it can also manage the power consumed by the
load. The management of the power consumption mainly relies on the programming of the
controller. It is indeed possible to design a control such that if the power needs of the load
are lower than the power supplied by the generator, power would be stored and it would be
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Figure 4.17: Implementation of a H-Bridge converter in the destination.
released later when the power required by the load is greater than the power extracted from the
generator.
The reason why the H-Bridge converter is presented as the interface enabling the maximization
of the power transfer between the generator and the load is given. The control of the H-Bridge
enables the control of the value of the input impedance of the equivalent load in the complete
system. Besides this control can also take into account the energy storage for the load. The
H-Bridge interface is simulated in Matlab for validation.
4.3.2 Validation of the Model
The target is to validate the fact that the AC/DC H-bridge converter can act as the appropriate
interface between the generator and the load as presented in equation 4.17 by respecting the
Impedance Matching Principle. The two presented simulations, in Matlab-Simulink, focus on
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how the control of the H-bridge converter inuences the value of the input impedance of the
destination.
4.3.2.1 First Simulation
The rst simulation is expected to demonstrate that the H-bridge converter behaves like the
designed pre-calculated equivalent load towards the generator. The design of the control is
presented in Figure 4.18. The parameters are dened in Table 4.5. Algebraic values are given
in Figure 4.19
Figure 4.18: Schematic of the rst validation test.
Validating that the impedance matching is achieved consists in verifying if the simulated active
and reactive power used by the H-bridge track the pre-calculated active and reactive power
demand signals.
The control of the H-bridge switches in this simulation relies mainly on three main facts
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Parameters Denitions
PREF Required Active power the H-bridge has to use
Q
REF
Required Reactive power the H-bridge has to use
! Operating angular frequency of the generator
VS Output voltage of the generator connected to the H-
bridge
VR Voltage directly depending on the duty cycle  of the
PWM (Pulse-Width-Modulation) signals
IS Current circulating through the H-bridge inductance
IREF Pre-calculated reference value for the current Is
IMEAS Real-time value of Is
 Dierence between the reference current and the mea-
sured current
VB Voltage across the capacitive element of the H-bridge
LH BRIDGE Inductance of the H-bridge
FixedParameters Internal xed parameters specic to the H-bridge
Table 4.5: parameters for the simulation of the H-bridge converter with Simulink.
 The voltage VR is directly linked to the value of the duty cycle  of the PWM control
signals. In fact the function linking the voltage VR and the duty cycle is an ane function.
Parameters can be chosen so that this function becomes linear.
 The voltage VR is used to modify the current IS circulating in the inductance of the H-
bridge. Knowing the voltage VS , and using the voltage VR, the evolution of the current
Is is controlled:

VS   VR = LH BRIDGE dISdt

The control is applied so that the current
IS tracks a pre-calculated reference value IREF , corresponding to particular active and
reactive power demands, respectively PREF and QREF .
 PREF and QREF are specic because they correspond to the active and reactive power the
equivalent load should use in order to present the optimal input impedance towards the
generator.
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The controlled variable is the current IS : this variable is measured and compared to a reference
and it is not the voltage VR, because of its direct link to the duty cycle of the PWM.
The control of the current IS is described next.
 A reference current IREF is pre-calculated based on:
- The required active and reactive power the optimal load has to consume so that the
H-bridge behaves like the adapted equivalent load for the generator,
- The amplitude of the output voltage of the generator,
- The operating frequency of the system.
Indeed IREF =
PREF iQREF
V S
,
 The current IS is then measured (IMEAS) and compared to the reference current (IREF ).
The resulting error  is the input of a proportional-integral controller.
 The controller provides an output signal, proportional to VR, which is transformed into
PWM signals for the switches of the converter (Division by VB, comparison with a triangle
waveform (1KHz) and creation of two sub-signals one for S1 and S3 and its corresponding
opposite for S2 and S4).
The required active and reactive power signals and the simulated active and reactive power used
by the H-bridge are compared.
The simulation is in the time-domain. The module SimPowerSystems of Matlab is used in order
to implement the electrical components of the H-bridge
For the rst simulation an ideal voltage source is used in the generator model which results in
a signicant simplication.
In Figure 4.20, both the active and reactive simulated power consumed by the H-bridge converge
towards their respective demand values. It validates that the H-bridge can behave like an
equivalent load towards the generator, a load whose value is controllable.
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Figure 4.19: Details concerning the PWM signal formation (First Simulation).
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Figure 4.20: Demand and measurement signals of active and reactive power (Ideal Voltage
source).
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4.3.2.2 Second Simulation
In the second simulation, a model of resonant energy-harvesting generator is implemented instead
of the ideal voltage source. This model implies that the measured current used for dening the
PWM command signals has also some inuence on the generator's behaviour.
The schematic of the second simulation is presented in Figure 4.21. It can be noticed that
- The voltage input of the H-bridge is proportional to the velocity of the inertial mass.
- The current circulating in LH BRIDGE is sent back to the generator model due to the fact
it is proportional to the EMF resistive torque applied on the inertial mass.
Figure 4.21: Schematic of the second validation test.
The second simulation is presented in Figure 4.21
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Figure 4.22: Demand and measurement signals of active and reactive power (Second simulation).
In Figure 4.22 the expected and simulated active power and the expected and simulated reactive
power consumption of the H-bridge are given.
After a transient regime both active and reactive measured power consumptions converge to-
wards their expected values.
The generator model is responsible of bringing in a non-linear transient behaviour compared
to the ideal voltage generator case. It comes from the fact the IMEAS inuences in return the
generator. In the practical implementation, the voltage is measured by a separate tachometer,
so that the voltage output of the generator is not inuenced by the current consumption of the
H-bridge.
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Figure 4.23: Details concerning the simulation parameters (Second Simulation).
The transient regime period is not negligible when the simulation is run over 25 seconds: in a
practical future implementation, approximately a few minutes will be needed for the transient
regime to be nished.
The principle of using an AC/DC H-bridge converter as a dynamic input impedance of the
destination towards the generator is validated.
4.4 Integration
In this section are presented the pendulum, the complete system, the MOBESENS boat and test
number one. It is described the initial results from the pendulum harvester in the kayak during
rst test session that took place at IFREMER (France) and the preparation of the second test
session for the MOBESENS project.
Only the electronic board with the H-bridge, with the datalogger and the accelerometer is
manufactured by other students. The second test session was conducted by another student.
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The pendulum is presented in Figure 4.24. The pendulum presented in Figure 4.24 is the design
used for the second test session. During the rst test session the tachometer was not a separate
element but one of two generators was used as a tachometer.
Figure 4.24: Schematic (a) and picture (b) of the generation part of the system.
The complete system is presented in Figure 4.25.
Figure 4.25: Schematic with picture of the complete system of the prototype.
The rst test session took place in September 2010. The aim of this session was to test the initial
behaviour of the pendulum in the kayak and to collect data regarding the expected motion of
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the pendulum under real conditions. This was done using a data logging system connected to a
laptop, as shown in Figure 4.26.
Figure 4.26: Schematic setup for the rst test session.
The system was integrated to the MOBESENS kayak built by researchers from Ifremer (France).
For the rst test session the system ts in only one of the two spaces designed for it. The
MOBESENS boat is presented in Figure 4.27 and Figure 4.28.
Figure 4.27: Schematic of the MOBESENS Ifremer kayak.
Figure 4.28: The MOBESENS Ifremer kayak.
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The integration is presented in Figure 4.29.
Figure 4.29: Integration of the EH complete system in the craft.
Some initial results were collected: the voltage generated by the tachometer is shown in Figure
4.30. It is noted that the voltage measured from the tachometer is osetted with around a 3V
bias to allow the bipolar output of the tachometer to be collected in a monopolar data logger
A/D input.
Figure 4.30: Tachometer voltage against time.
During the experiment the maximum amplitude peak reached by the output voltage of one
generator is 2.5V. Besides the amplitude variations are irregular because of the wave excitation.
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The next test session will benet from the experience of the rst test session. It was concluded
that:
- The two DC motor-generators should be put in series in order to increase the output
voltage and a separated tachometer had to be installed as shown in Figure 4.24.
- The frame had to be re-built so that the prototype could t into the proper compartment
in the kayak.
- The data logger had to be studied and designed internally so that the data were stored on
a SD card.
- An accelerometer setup should be implemented to allow the kayak motion to be recorded
as well as the relative pendulum motion.
For the second test, in November 2010, the frame had to be rebuilt to allow the device to be
placed into the correct compartment in the kayak. In addition, accelerometers were to be placed
into the kayak to monitor the motions of the hull.
The tests are presented in a Mobesens Deliverable.
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4.5 Summary of Chapter 4
The contributions to research in this chapter are summarized.
The specic requirements for the power management circuit that interfaces the energy harvesting
generator of the MOBESENS project and its load are identied. The specic requirements are
the maximization of the power transfer between the two parts of the energy harvesting system
and also the control of the power stored if the energy extraction is higher than the energy needs
of the load.
The analogy between the energy harvesting generator and its electrical equivalent model plus
the application of the Load Adaptation principle with a complex load are developed so that they
can be applied to the MOBESENS energy harvesting generator model. The energy harvesting
generator of the MOBESENS system is approached by a second order mass-spring-damper
energy harvesting model.
An H-bridge structure was chosen for the power management circuit. Simulations of the complete
system in which the H-bridge is implemented were performed for two cases. The simulations were
done using the SimPowerSystems module of Matlab Simulink and contributed to the validation
of the choice.
A mechanical prototype of the energy capture part was built and was connected to the H-bridge
power management circuit. The energy harvesting generator was integrated into the kayak from
IFREMER for a test session inside a real aquatic environment.
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Chapter 5
Energy Harvesting from
Vortex-Induced-Vibrations
In this Chapter the homopolar generator and the Vortex-Induced-Vibration phenomenon are
introduced. Then the structure of a new design of energy harvester is presented.
5.1 Harvesting Energy from Vortex-Induced Vibrations
Vortex-Induced-Vibrations (VIV) are in general considered as a source of parasitic oscillations
in many domains. However in this approach these vibrations are considered as an energy source
because power is extracted from the motion they cause. VIV are considered as the energy source
of a new energy harvesting mechanism and one advantage of this phenomenon is the fact it is
possible to scale down the model easily because the VIV phenomenon can occur whenever there
is an obstacle in a uid fullling the existence conditions. This section starts with existing
mechanisms harvesting energy from VIV, then it gives a brief description of the structures of a
homopolar generator and nally an introduction to the VIV phenomenon is done.
5.1.1 From Large-Scale to Microscale Designs: Energy Extraction from VIV
With four selected examples at a large scale and a microscale, the goal is to introduce how to
harvest energy at a microscale from VIV. These examples serve as a basis for the design a new
energy harvester.
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5.1.1.1 VIVACE
The rst example is the VIVACE. As explained in [39] and shown in Figure 2.26, the VIVACE
converter generates power from VIV. This structure is the rst converter based on enhancing
rather than suppressing the VIV phenomenon, and it is designed for large-scale power generation.
It consists of several rigid circular cylinders which are free to vibrate vertically when placed into
a uid ow. The cylinders are mounted on elastic springs and connected to a generator via a
transmission mechanism. The interest of this structure is the fact that the structure could be
reduced to a MEMS scale easily if only the beam movement at the hinges could be simplied
to a 2D design without any sliding. Indeed the sliding movement and the rotation movement
imply that the design of a MEMS requires more than one layer and thus is more complex.
5.1.1.2 The Windbelt
The second example is the Windbelt. The Windbelt extracts energy from an air ow as shown
in Figure 5.1. A beam vibrates due to VIV and thus results in the relative movement between
a permanent magnet located on the beam and a coil located on the frame as described in [85]
and [86].
Figure 5.1: Schematic diagram of an aero-elastic utter generator (from [85]).
The WindBelt, Figure 5.2, is a commercialized example of an energy harvesting generator based
on VIV and is built using standard processes.
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Figure 5.2: The icroWindBelt (from [87]).
Both the structures, the Windbelt and the VIVACE rely of the vibrations of a beam due to VIV
although they operate in two dierent uid ows. In this structure, as the magnet is glued on
the beam the vibrations are the cause of the relative movement between the magnet and the
coil from which energy is extracted. In the context of the design of a MEMS power generator,
the structure used in the Windbelt is simpler than the structure used in the VIVACE as there
is no sliding movement involved. However, a relative movement remains dicult to build in a
MEMS design.
5.1.1.3 Piezoelectric Energy Harvesting from VIV
There already exist several piezoelectric energy harvesters extracting energy from VIV. In general
the transducer is based on a piezoelectric beam which is placed directly in contact with the uid
ow. The beam oscillates, resulting in a stress for the piezoelectric material and a current is
produced. The beam is either a cantilever ( [88], [89]) or a doubly clamped beam ( [90]).
Using Flow-induced vibrations (FIV), the piezoelectric cantilever in [88] is reported to generate
a voltage of 0.44V for a air ow velocity of 6.1m:s 1. As shown in Figure 5.3, the device consists
of a piezoelectric thin lm PZT and a cantilever beam so that when the air ow passes over it,
the beam undergoes vibrations.
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Figure 5.3: Schematic illustration of the piezoelectric energy harvester using FIV (from [88]).
In [89] the generation is also based on a cantilever beam. The beam is composed of a blu body
of width H that results in creating swirling vortices behind it and thus the oscillations of the
beam. The piezoceramic patches will then convert the mechanical energy as shown in Figure 5.4.
This structure is similar to a turbulent Flow blanket mechanism presented in Figure 2.25.
Figure 5.4: Schematic a piezoelectric energy harvester a blu body and the uid ow (from [89]).
In the rst example the beam is oriented horizontally and in the second example the beam
is oriented vertically when the VIV oscillations occur. These structures demonstrate that a
microbeam vibrates in a uid ow whatever its orientation as long as it is perpendicular to the
uid ow direction.
In [90], a model of a piezoelectric energy harvester using a doubly clamped beam is considered.
The piezoelectric elements are located at the hinges of the doubly clamped beam as shown in
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Figure 5.5. The presented system is actually a magnetopiezoelastic oscillator, the permanent
magnets and the fact the beam is made of ferromagnetic material are a means of controlling the
amplitude of the vibrations for dierent level of wind excitations.
Figure 5.5: Schematic diagram of the harvester system with a ferromagnetic beam (from [90]).
This structure demonstrates the possibility to combine an electromagnetic and a piezoelectric
transducer in the same energy harvesting system. It is possible to simplify this energy harvesting
structure by removing the piezoelectric hinges so that the main transduction is electromagnetic.
5.1.1.4 Micro Flowmeter
It is reported in [91] that owmeters relying on Karman vortex street phenomenon have been
extensively developed recently due to current progress in microelectronic sensors. A MEMS-
based vortex owmeter in which a miniature cantilever displacement sensor protruding out of a
trailing edge of a trapezoidal blu body is presented as presented in Figure 5.6
Actually the cantilever, Figure 5.7, is no longer used as an amplitude sensor but as a direct
vortex shedding frequency detector because it is located at the exact vortex birthplace.
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Figure 5.6: Schematic diagram of a vortex anemometer (from [91]).
Figure 5.7: A vortex anemometer (from [91]).
This structure demonstrates that it is possible to implement a transducer mechanism using VIV
without any moving parts in the device structure. Besides the variations in the viscosity and the
density of the uid in which the sensor is implemented have a weak inuence on the movement
of the sensor.
5.1.1.5 Goal for the Design of a New Energy Harvester Based on VIV
The goal of the new design of energy harvester is to rely on a doubly clamped beam made
of a exible and conductive material that oscillates due to VIV. The mechanical energy from
the oscillations should transformed into electrical energy due to an electromagnetic conversion
involving permanent magnets as shown in Figure 5.8 and involve no relative movement between
magnets and the coil for the electromagnetic conversion.
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Figure 5.8: Schematic diagram of an electrically conductive doubly clamped beam.
5.1.2 The Homopolar Generator Structure
5.1.2.1 Presentation of a Homopolar Generator
The homopolar generator is also known as a unipolar generator, acyclic generator, disk dynamo
or Faraday disk. It was developed rst by Michael Faraday in 1831.
As shown in Figure 5.9, the homopolar generator is a DC electrical generator that is made of an
electrically conductive disk or cylinder which can rotate in a plane perpendicular to a uniform
static magnetic eld. When the disk rotates a potential dierence is created between the centre
of the disk and the rim (the edge of the disk). The electrical polarity depends on the direction
of rotation and the orientation of the magnetic eld. The position of the contacts matters.
Figure 5.9: The rst homopolar generator: the Faraday disk experiment (adapted from [92]).
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The homopolar machine is bidirectional. The principle of a homopolar motor is presented in
Figure 5.10.
Figure 5.10: Principle of the homopolar motor (from [92]).
The homopolar machine is rather unusual because it does not compete with conventional ma-
chines however it has properties which are advantageous in certain specialized applications [93]
such as particular pumps, metal electrolysis and linear motors.
5.1.2.2 Two Topologies of Homopolar Generators
The homopolar generator as shown in Figure 5.11 presents some specic geometric characteristics
and is a direct application of the Lorentz force. When a moving electrical conductor is placed
in a magnetic eld perpendicular to the direction of movement, then a current is created in the
conductor.
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Figure 5.11: Schematic diagram of a homopolar generator.
The generator is made of one or two rings of permanent magnets as shown in Figure 5.12 and
an electrical conductor as shown in Figure 5.13.
Figure 5.12: Schematic diagram of the magnetic eld in the homopolar model.
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Figure 5.13: Schematic diagram of the current path in the homopolar model.
The direction of the permanent magnetic eld is parallel to the rotation axis of the disk and
perpendicular to the plane in which the disk can rotate. The conductor is made of a disk
attached to an axis of rotation which is also electrically conductive.
The location of the electrical connectors is xed. One is connected to the axis while the other
is connected to the rim of the cylinder as shown in Figure 5.13.
In [94] and [95] two topologies of homopolar generators are distinguished as shown in Figure 5.14.
In the rst case the conductor moves and the magnets stay still. In the second case the magnets
are glued on the conductor and there is no relative movement between the magnets and the
conductor when the conductor rotates: the conductor and the magnets rotate at the same
speed.
Figure 5.14: Two topologies of homopolar generators.
In the rst case the principle of the Lorentz force explains why current is generated. The
movement of a electrical conductor in a static magnetic eld is visible.
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In the second case the electromagnetic interaction also takes place [94]. However the relative
movement between the conductive disk and the permanent magnetic eld ceases to exist. To ex-
plain this interaction, three design characteristics of the structure have to be taken into account.
The rst is the fact the rotation of the permanent magnets is separated from the rotation of
the magnetic eld they create. The magnetic eld created by the magnets that rotate remains
globally stationary. The second is the fact the overall current path is stationary because one
of the contacts is xed at the rim while the conductive disk is rotating (and thus constantly
modifying the local current path). The Lorentz principle is then applied to the eective section
of the current path as presented in Figure 5.15. The last design characteristic is the fact the
location of the connectors matters. The second topology does not work if the connector on the
rim is placed on the axis as the current path is always parallel to the magnetic eld.
Figure 5.15: Schematic diagram of the current path in the 2nd topology of homopolar generator.
In this second topology, the fact that the rotation of the magnets leaves the created magnetic eld
stationary is the core of this experiment. The constraint of relative movement is transformed into
a constraint on the position of the connectors. The expectation of a relative movement between
a moving conductor and a relatively xed magnetic eld is not achieved in the design of the
second topology. However to predict theoretically the results of the second topology a dierent
approach to the theory of induction involving the Faraday paradox is used and explained in [95].
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5.1.2.3 Importance of the Homopolar Generator Structure at a Microscale Level
In [96] a homopolar micromotor has been designed with a liquid rotor made of mercury. Ac-
cording to [96] the main advantage of the use of liquid for the rotor is that the friction due to
the rotating movement is simplied.
The focus of this section is to highlight the fact the second topology of the homopolar structure
presents another advantage for the MEMS domain which is the absence of an expected relative
movement in an electromagnetic transducer.
Concerning the homopolar generator topologies, the contribution to research is twofold. The rst
contribution is to state the advantage of the second topology of homopolar generator presents
at a microscale level: it is possible to simplify and to gain space in the design of electromagnetic
transducers when the issue of the relative movement between a permanent magnet and an
electrical conductor is shifted to the issue of the design and location of electrical contacts.
The second contribution is to demonstrate that in the domain of electromagnetic energy harvest-
ing the reex of expecting a relative movement between a permanent magnet and a conductor
restrains the possibilities of design for a transducer.
5.1.3 Presentation of the Vortex-Induced Vibrations phenomenon
Vortex-Induced Vibrations (VIV) are a phenomenon that results in the whispering of the threes
in winter or the uttering of cables in the wind and in the sea. The denition of a uid precedes
the description of a vortex street. Then the description of a uid ow around a cylinder is
summerized and the Reynolds Number is introduced. The focus is then given to the blu body
oscillations and the introduction of the Strouhal Number.
5.1.3.1 Fluid
A uid is a substance that has volume but no shape. It is a material that cannot resist shear
stress without moving. The two important parameters describing a uid are the density, named
, which is a mass per unit of volume in kg:m 3 and viscosity, named  which is a pressure
multiplied by a time, in kg:m 1:s 1, in Pa:s or in Poise Pl.
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Viscosity characterises a uid property that causes shear stresses when the uid is moving.
Without viscosity there would be no uid resistance. The viscosity of water is 10 3Pl and the
viscosity of air is 10 5Pl.
The viscosity is dened as the ration of shear stress s to the shear rate  s. The shear stress
is described in Appendix C. The shear rate is a velocity gradient in s 1 dened as the ratio of
the average velocity of the uid u and the thickness of the considered uid layer h. As shown
in Figure 5.16, if one of the two plates of area A (separated by a layer of uid) is moved in a
straight line relative to the other at an average velocity u, then the force required for obtaining
u is F .
Figure 5.16: A uid layer of uniform thickness h.
The expression of the viscosity is
 =
s
 s
=
F
A
u
h
(5.1)
Here viscosity is a constant as water and air are Newtonian uids. The viscosity of non-newtonian
uid such as blood is more complex because a non-newtonian uid is in general a mix of uids
with dierent viscosities.
The kinematic viscosity is dened by
 =


(5.2)
The kinematic viscosity is 10 6 m2s 1 for water and 1:5  10 5 m2s 1 for air.
5.1.3.2 Vortex and Vortex Street
The denitions of vortex, vorticity, circulation, blu body and vortex street are detailed.
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A vortex is a spiral, circular or helical motion of uid particles in a uid within a limited area.
The vortex is characterized by its vorticity.
The vorticity ~! of a ow eld with velocity distribution ~u is dened by
~! = r ~u (5.3)
It has the dimensions of a frequency and it is proportional to the rate of rotation of a small uid
element about its own axes. The component of ~! along a particular direction ~n is
~!  ~n = lim|{z}
S!0
1
S
I
~u  d~l (5.4)
Flows for which ~! = ~0 are described as irrotational.
The reduced vorticity is dened by
~
 =
1
2
~rot~u (5.5)
A vortex line is a line which is everywhere tangent to the local vorticity.
Another parameter that is closely related to vorticity is the uid circulation,   dened for any
closed contour in a uid.   is dened by
  =
I
~u  d~l (5.6)
The circulation is a scalar quantity equal to the integrated component of vorticity normal to the
surface around which   is taken.
  =
Z
S
~!  ~ndS (5.7)
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Figure 5.17: Schematic diagram relating vorticity and circulation (adapted from [97]).
In uid mechanics a structure immersed in a uid current is classied as a blu body if it
generates separated ow over a signicant proportion of its surface. A circular cylinder is the
classic example of a blu body due to its simple axi-symmetric geometry.
The vortex street is a particular repeating pattern of swirling vortices as shown in Figure 5.18
that may appear behind the blu body for specic ranges of values of the uid ow velocity and
uid density.
Figure 5.18: Schematic of a Vortex street.
When a single vortex is shed, an asymmetrical ow pattern forms around the body and changes
the pressure distribution. This means that the alternate shedding of vortices can create periodic
lateral (sideways) forces on the body in question, causing it to vibrate. If the vortex shedding
frequency is similar to the natural frequency of a body or structure, it causes resonance.
The vorticity eld is used as a tool for developing insight into the behavior of devices of interest
as shown in Figure 5.19.
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Figure 5.19: Boundary layer vortex lines wrapping around an obstacle (from [98]).
In Figure 5.19 the vortex lines (lines AA0) far upstream are straight and normal to the velocity
vectors. As the lines are convected towards an obstacle uid particles on the plane of symmetry
are slowed down whereas those away from this plane speed up. It results in the bending of
the vortex lines around the obstacle (line BB0). Particles on the plane of symmetry remain
at the front while particles o this plane convect downstream. The vortex lines are stretched,
increasing the vorticity (lines CC0).
5.1.3.3 Description of Fluid Flow around a Cylinder
If a cylinder is placed in a uid ow and the velocity of the ow is changed, there are several
distinguished regimes as described in Figure 5.20.
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Figure 5.20: Regimes of uid ow across smooth circular cylinder (from [99]).
The uid ow regimes are presented as a function of the Reynolds number, a parameter that
is described later. A brief description of the dierent regimes is given in several references,
including [99].
There are regimes for which a vortex street is created in the wake. The presence of a vortex
street implies oscillations of the blu body.
The two ranges of Reynolds numbers for which a vortex street is created are 40  Re  3  105
and 3  106  Re. Outside these ranges of Reynolds numbers there is no vortex street and thus
no oscillations by VIV from the blu body can be expected.
5.1.3.4 The Reynolds Number
The Reynolds number is a parameter that describes a uid.
202 Chapter 5. Energy Harvesting from Vortex-Induced-Vibrations
Figure 5.21: Schematic diagram of a ow around an obstacle (from [100]).
It is very dicult to solve the Navier-Stokes equations presented in Appendix B. Thus the aim
is to do some testing on reduced models and draw conclusions for the normal model. The main
question concerns the validity of the scaling law. In Figure 5.21, the parameters of the ow are:
- v1 the velocity of the ow far away from the blu body,
 the volumetric mass of the uid,
-  the viscosity of the uid,
- D the diameter of the blu body,
- its shape,
- and its orientation.
The Navier-Stokes equation (Appendix B) is modied so that it depends only on one parameter
which is the Reynolds Number.
Dividing by  the Navier-Stokes equation leads to
@~v
@t
+ ~grad

v2
2

+ ~rot ~v ^ ~v =  1

~gradP +


~v (5.8)
Using the reduced vorticity to equation 5.8 leads to
@~v
@t
+ ~grad

v2
2

+ 2~
 ^ ~v =  1

~gradP +


~v (5.9)
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Applying the curl to equation 5.9 and using the mathematical property of ~rot ~grad recalled in
equation A.7 leads to
2
@~

@t
+ 2 ~rot(~
 ^ ~v) = 

~rot(~v) (5.10)
Then using the mathematical property of ~rot ~rot recalled in equation A.10 applied to ~v, using
the denition of the reduced vorticity ~
 = 12
~rot~v recalled in equation 5.5 and the property of a
non-compressible uid div ~v = 0 dened in equation A.4, it gives
~rot( ~rot~v) = ~grad(div~v) ~v
 ~v = ~rot( ~rot~v)  ~grad(div~v)
 ~v = 2 ~rot~
  0
(5.11)
Taking the curl of equation 5.11 using the mathematical link between ~rot ~rot and ~grad div
recalled in equations A.10 and applied to the reduced vorticity leads to
 ~v = 2 ~rot~

  ~rot(~v) = ~rot(2 ~rot~
)
  ~rot(~v) = 2
h
~grad(div~
) ~

i
  ~rot(~v) =  2~

(5.12)
Including equation 5.11 into 5.10 leads to
2
@~

@t
+ 2 ~rot(~
 ^ ~v) = 2

~
 (5.13)
Then the Navier-Stokes equation becomes
@~

@t +
~rot(~
 ^ ~v) = ~

@~

@t +
~r^ (~
 ^ ~v) = ~

(5.14)
The normalized distance, speed and time are redened as
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~x = D~x0
~v = v1~v0
t = Dv1 t
0
(5.15)
Consequently the operators are also redened as
~r = 1D ~r0
@
@t =
v1
D
@
@t0
~
 = ~r^ ~v = v1D ~
0
@~

@t =
v21
D2
@ ~
0
@t0
~r^ (~
 ^ ~v) = v21
D2
~r0 ^ ( ~
0 ^ ~v0)
~
 = v1
D3
 ~
0
(5.16)
Implementing equations 5.15 and 5.16 into the expression of the Navier-Stokes equation of 5.13
and simpling by v
21
D2
gives
@ ~
0
@t0
+ ~r0 ^ ( ~
0 ^ ~v0) = 
Dv1
 ~
0 (5.17)
It is shown that the normalized Navier-stokes equation describing the movements of a uid
depends only on one parameter: the Reynolds number, dened by
Re =
Dv1

(5.18)
Use of the Reynolds Number
Two uids are similar if the two uids are characterized by the same Reynolds number. It
means that they are described by the same normalized equation and consequently once the
parameters are given for one uid it is possible to nd the parameters for the similar uid as
detailed in Figure 5.22 (from [101]).
The ows are similar if they have the same Re.
5.1 Harvesting Energy from Vortex-Induced Vibrations 205
Figure 5.22: Flow around a normal wing (a), a reduced model (b), and a normalized space (c).
Example of normalization of force applied by the uid on the reduced model
In Figure 5.22 the drag or the lift force applied the uid (b) on the reduced model of the blu
body is proportional to the drag or the lift force applied the uid (a) on the normal model.
Using the normalization
~xa
Da =
~xb
Db
ta
Da=va1
= t
b
Db=va1
~va
va1
=
~vb
vb1
kg:m:s 2 = (D3)  (D)  ( Dv1 ) 2
(5.19)
The normalized force in the reduced model is given by
~F 0b =
1
b(vb1)2(Db)2
~F b (5.20)
Consequently, the force applied to the normal model can be deduced from the force measured on
the reduced model and the parameters of the ows provided that the two ows have the same
Reynolds number.
206 Chapter 5. Energy Harvesting from Vortex-Induced-Vibrations
~F a =
a(va1)2(Da)2
b(vb1)2(Db)2
~F b (5.21)
The normalized force depends on the Reynolds number, the shape and the orientation of the
obstacle. The normalized force results in
~F = v21D
2 ~F 0 (Re; shape; orientation) (5.22)
In general the diameter D is dened as D =
p
S where S is the reference surface. The angle 
is dened as the angle between v1 and the reference plan. Cx is the drag coecient and Cy is
the lift coecient, they are dened so that the force applied on the blu body is
~F =
1
2
v21S
 
Cx(Re;;shape) + Cy(Re;;shape)

(5.23)
The goal of tests on reduced models in aeronautics studies is generally to obtain Cx and Cy
as a function of the parameters Re,  and the shape of the blu body and then to predict the
forces applied on the normal model with the same Reynolds number.
5.1.3.5 Blu Body Oscillations
Boundary Layer
The model of the ideal uid is dened by the fact the viscosity forces are not taken into account.
On the contrary experimental tests shows that there is a force that resist the shear stress and
that at the interface between a blu body and the uid vfluid   vbody = 0. There is thus a
need to take into account the viscosity forces and to take into account the boundary conditions
vfluid   vbody = 0 into the model of the uid.
The boundary layer  is dened by the area at the interface uid-body where the uid velocity
is progressively decreased from a value predicted by the model of a perfect uid to zero.
A board of length D with a speed ~v = v ~ex in Figure 5.23 is dened. Inside the boundary layer,
viscosity forces are more important whereas outside the boundary layer the convection is more
important. Thus at the surface of the boundary layer:
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Figure 5.23: Schematic diagrams of an ideal (A) and a real (B) ow with existence of a boundary
layer (from [102]).
(~v: ~grad)~v = k~vk (5.24)
Dening  as the height of the boundary layer, and v1 the velocity ow far away from the
boundary layer, then
(~v: ~grad)~v  (v @@x)v  v21D
k~vk  
 @2v@x2 + @2v@y2    v12 (5.25)
Hence
v
21
D   v12
 
q
D
v1 =
Dp
Re
(5.26)
Wake
The uid (Figure 5.24) in the boundary layer is sheared between the surface of the structure
and the free stream. Momentum is transfered through the boundary layer to the surface and
skin friction shear drag is imposed on the surface.
This momentum exchange within the boundary layer largely determines skin friction drag, pres-
sure drag, separation, the generation of vortices and the nature of the wake.
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Figure 5.24: Boundary ow and separation in ow over a section (from [103] ).
Formation of Vortex Street Pattern and Lock-In Phenomenon
Vorticity is generated in the boundary layers.The boundary layer vorticity convects aft and
coalesces into discrete swirling vortices in the near wake.
These vortices generate oscillations of the near wake.
Feedback from these oscillations to the separation points leads to the periodic shedding of
vortices with alternate-sign circulation that forms the Karman vortex street pattern. The Lock-
In phenomenon has an impact on the oscillation frequency of the blu body as shown later in
Figure 5.27.
5.1.3.6 Strouhal Number
fs the vortex shedding frequency, D the diameter of the blu body and v the ow velocity are
dened. The Stouhal number is a dimensionless shedding frequency dened by
St =
fsD
v
(5.27)
An empirical link with the Reynolds number is described in [99] and summarized in Figures 5.25
and 5.26.
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Figure 5.25: Strouhal Number-Reynolds Number relationship for a circular cylinder (from [104]).
Figure 5.26: Boundary layer vortex lines wrapping around an obstacle (from [104]).
When a blu body is placed in a uid ow, kinematic viscosity, the velocity of the ow and
the characteristic length of the blu body are the variables needed for the determination of
the Reynolds number. From the calculation of the Reynolds number,the existence of vortex
shedding vibrations are deduced empirically from the description given in Figure 5.20. Besides
from the Reynolds number and the shape of the blu body, the corresponding Stouhal number
can be found using empirical results from 5.25 and 5.26. From the Strouhal number, the vortex
shedding frequency can be deduced.
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The property of the lock-in phenomenon is the fact the resonant frequency of the blu body is
equal to the vortex shedding frequency as described in Figure 5.27.
Figure 5.27: Lock-in bands for synchronization of vortex shedding with transverse vibration of
circular cylinders (from [105]).
Using the property of the lock-in phenomenon the resonant frequency of the blu body can then
be determined.
5.1.3.7 Conclusions on VIV
Depending on the shape of the blu body, on its natural resonant frequency, on the velocity and
the density of the uid there exists a range of frequencies for which the blu body will oscillate
due to the VIV phenomenon. As this phenomenon exists for specic conditions whenever there
is an obstacle, it is possible at a microscale level to extract energy from VIV.
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5.2 MEMS Generator Based on Vortex-Induced-Vibrations
5.2.1 Presentation of the New Structure
A new structure of electromagnetic energy harvester is presented and then the advantages and
disadvantages are presented.
5.2.1.1 Structure Considerations
A new structure of electromagnetic energy harvester is presented in Figure 5.28. A permanent
magnet is glued on a exible doubly-clamped beam electrically connected to a load by a xed
frame. The magnetic eld direction is perpendicular to the vertical plane of oscillations of the
beam.
Figure 5.28: Schematic diagram of a new energy harvester.
Placed in a uid ow of constant density  and velocity U , the beam can oscillate at its resonant
frequency or at a harmonic of its resonant frequency due to the VIV phenomenon, when the
velocity of the ow is such that the vortex shedding frequency is equal to the natural frequency
of the beam. When the beam oscillates vertically the region of the beam below the magnet
undergoes the action of a magnetic eld perpendicular to the plane of oscillation. By denition
of the Lorentz force, a current is created in the beam as shown in Figure 5.29.
212 Chapter 5. Energy Harvesting from Vortex-Induced-Vibrations
Figure 5.29: Schematic diagram of the new electromagnetic interaction.
The design of this architecture stems from the model of a homopolar generator and from the
doubly clamped beam model that oscillates due to VIV. The geometry of the electromagnetic
transducer is new because there is no relative movement between the magnets and the conductor.
Silicon is a exible material and it is possible to use silicon in order to mimic the experiment
of whistling through a blade of grass. Silicon can be made electrically conductive if doped or
coated with a layer of metal. The microbeam can be made out of silicon.
This structure is interesting for the domain of energy harvesting because there is a possibility
to extract energy from the uttering of the beam at a microscale level.
The vibrations of the beam have to be transformed in electrical energy by a transducer. The
beam could be made out of a piezoelectric material as presented in [90]. However a dierent
topology of an electromagnetic transducer is the originality of this design.
The problem is that the sliding and rotational movements are dicult to make in microelectron-
ics. The goal was to avoid the implementation of these movements at a microscale. The second
topology of homopolar generator in which the magnets are glued to the rotor is important in this
context because it is a proof that it is possible to design a topology of electromagnetic transducer
without a relative movement between a coil and a permanent magnet. In the previous section it
was shown that a relative movement between the magnet and the conductor is not a necessary
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condition. The idea is to generalize this invariance of the magnetic eld to the case where there
is an oscillation and not a rotation.
The principle of separating the magnet from the magnetic eld and search for an invariance is
applied to a case with an oscillating movement (and not a translation) in this thesis as presented
in Figure 5.29. The position of the contacts is chosen so that the current can circulate through
the load. They are xed during the experiment.
The design can be simplied by gluing magnets to the surface of the beam avoiding the need to
etch a cavity in the wafer, reducing the number of additional layers needed.
The contribution to research of this section is the presentation of an new energy harvesting
structure extracting energy from VIV at a microscale by using an electromagnetic transduction
with an new structure.
The last section of this chapter presents the theoretical calculations for the determination of the
beam frequency for the proof of concept.
The goal of the next chapter is to prove experimentally that the structure of the second topology
of homopolar generator is applicable to beam oscillations.
5.2.1.2 Advantages and Disadvantages
The advantage of this new structure is the absence of rotating or sliding moving parts. This
simplies the construction of the device at a MEMS scale.
Besides as the VIV phenomenon exists as long as the existence conditions are fullled for all sizes
of obstacle, then it is possible that once at a microscale this type of electromagnetic interaction
becomes as interesting as a topology in which a magnetic proof mass moves relatively to a coil.
The main disadvantage is likely to be the eciency of the structure.
5.2.2 Theoretical Frequency of the MEMS Energy Harvester
In order to present the theoretical natural frequency of the MEMS Energy harvester based
on VIV, a presentation of the natural frequency of a doubly clamped beam is done. Then a
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presentation of the frequency of a doubly clamped beam placed into a uid is done. Finally
the theoretical frequency that the new MEMS energy harvester is expected to oscillate at is
presented.
5.2.2.1 Frequency of a Doubly Clamped Beam
In Figure 5.30 a schematic of a doubly clamped beam of length Lb, of width Wb and thickness
Tb is presented.
Figure 5.30: Doubly Clamped beam dimensions.
As the beam is exible it can be approached by a linear spring model with a stiness k. Using
the Appendix D considering a cantilever for the calculation of the stiness and then adapt the
results to the doubly clamped beam, the spring stiness of the doubly clamped beam is given
by
k = 192
EI
Lb
(5.28)
with E the Youngs modulus and I the second moment of area.
The natural frequency of the beam is then given by
fn =
1
2
r
k
m
(5.29)
with the mass dened by
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m = Si Lb TbWb (5.30)
and the second moment of area dened by
I =
T 3b Wb
12
(5.31)
Replacing in the equation of the frequency leads to
fn =
1
2
vuut 192ELb T 3b Wb12
Si Lb TbWb
=
1
2
s
16E T 2b
Si L2b
(5.32)
fn =
2

s
E
Si
Tb
Lb
(5.33)
The natural frequency only depends on geometric properties of the beam that are the length
and the thickness. The width does not inuence the frequency.
For a better approximation of the model the force applied by the wind should be considered as
a distributed force and the weight of the magnet should be taken into account.
5.2.2.2 A Doubly Clamped Beam in a Fluid
The beam can oscillate in a plane that is perpendicular to the wind direction as shown in
Figure 5.31.
Only the horizontal case is considered in this thesis. From the expression of the Strouhal number
in equation 5.27 it can be deduced that
Tb =
St U
fs
(5.34)
As the Strouhal number is linked to the geometry of the beam and this link is presented in
Figure 5.26 it can be approximated by a constant equal to 0:2 in this experiment.
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Figure 5.31: Doubly clamped beam in a uid, horizontal (a) and vertical (b) case.
Besides the Lock-in phenomenon implies that
fs = fn (5.35)
Consequently implementing 5.35 in equation 5.34 leads to
Tb =
St U
2

q
E
Si
Tb
Lb
(5.36)
Thus
T 2b =
St U  Lb
2
r
Si
E
(5.37)
And then
Tb =
s
St U  Lb
2
r
Si
E
(5.38)
The expression of Tb as a function of the length, the wind speed and the constant such as the
Strouhal number, the density and the Youngs modulus is given by
Tb =
s

2
St
r
Si
E
p
U Lb (5.39)
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5.2.2.3 Frequency of the MEMS Generator
The length and the wind velocity are xed and chosen parameters. The expression of the thick-
ness in equation and the natural frequency in equation are simulated in MATLAB. Figures 5.32
and 5.33 are a graphic representation in order to illustrate for a particular choice of length
and wind velocity what thickness and natural frequency can be expected for a silicon beam.
The Youngs modulus is chosen to be 129:5GPa, the density of silicon is 2300kg:m 3 and the
MATLAB code is given in the Appendix E.
Figure 5.32: Simulation of thickness as a function of length and wind speed.
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Figure 5.33: Simulation of natural frequency as a function of length and wind speed.
For a set length of 2cm and a wind speed of 5m:s 1 the thickness for obtaining vortex induced
vibration is 289m and the natural frequency associated to these vibrations is either 3:5kHz or
one of the harmonics.
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5.3 Summary of Chapter 5
The contributions to research in this chapter are summarized.
Two topologies of homopolar generator are presented. It is identied that the second topology
presents a specic advantage when the design of micro-electromagnetic devices is performed.
The electromagnetic interaction no longer relies on a relative movement between a magnet and
an electrical conductor but it relies on location of the contacts to a set consisting of a magnet
attached to a conductor. It is also identied that the instinctive reaction of associating electro-
magnetic interactions with a relative movement restrains the potential designs in electromagnetic
energy harvesters.
An introduction to the VIV phenomenon is performed. As the VIV phenomenon exists for all
sizes of obstacle as long as the uid fullls the existence conditions, it is identied that, at a
microscale level, VIV can be source of energy for the new structure of electromagnetic energy
harvester.
A structure of a new electromagnetic energy harvesting MEMS generator based on Vortex-
Induced-Vibrations is developed. The main advantage is the absence of rotating or sliding
moving parts in the structure this it simplies its fabrication when at a MEMS scale.
The theoretical frequency of the new electromagnetic energy harvester is determined for a given
uid ow speed and a given length of the beam.
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Chapter 6
Experiments
In this section experiments for a new electromagnetic energy harvesting mechanism extract-
ing energy from Vortex-Induced-Vibrations (VIV) are performed. The chapter concerns the
prototyping using conventional fabrication processes.
6.1 Prototypes Using Conventional Fabrication Processes
The rst prototype was fabricated to test that energy can be extracted from the Vortex-Induced-
Vibrations phenomenon and to validate the energy harvesting principle and determine the in-
uencing parameters. The other prototype is a validation of the second topology of homopolar
motor.
The description of the prototypes is detailed, then test results are presented and interpretations
are given.
6.1.1 Experiment Description
Three experiments are described for prototypes using conventional fabrication processes. The
rst one concerns the validation of harvesting energy from VIV, the second one tests the pro-
totype of the second topology of a homopolar motor, and the third is for the determination of
parameters for a doubly clamped beam with magnets placed on its centre.
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6.1.1.1 Electromagnetic Energy Harvesting Based on VIV
The rst experiment was performed in order to validate the feasibility of harvesting energy from
VIV and the inuence of the direction of the magnets.
A doubly-clamped brass beam of length 300mm, width 8mm a thickness of less than 200m is
mounted on a frame and an array of 4 neodynium magnets is xed under the beam at a distance
of 2mm to the beam. The maximum peak-to-peak amplitude of the beam is 2mm. The magnets
are placed on a plastic support and the orientation can be modied. The two congurations,
magnets perpendicular or parallel to the beam, are illustrated in Figure 6.1, from left to right
respectively.
Figure 6.1: A vibrating doubly clamped beam in a frame holding permanent magnets.
The generator is constituted of a beam vibrating due to the VIV phenomenon within a xed
magnetic eld.
The orientation for the magnets can be modied. The magnetic eld orientation of the magnets
is perpendicular to the beam in the left part of Figure 6.1 and parallel to the beam in the right
part of Figure 6.1.
It is placed in front of a miniature wind tunnel such as the one presented in Figure 6.2.
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Figure 6.2: A miniature wind tunnel.
A cable connects the ends of the beam and serves a resistance to the generator. The current is
measured with a current probe connected to an oscilloscope with an appropriate resolution.
The measurements for the case when the magnetic eld is perpendicular to the current path
and to the direction of oscillations are presented in the Table 6.1.
Air Velocity (m:s 1) Current Amp.
(mA)
Current Freq. (Hz)
0 7 N.A.
3.7 7 N.A.
7.5 13:5 14:6
11.2 13:75 12:33
13.1 15 12:95
15 18:5 13:44
Table 6.1: Case when the magnet orientation is perpendicular to the current path.
The measurements for the case when the magnetic eld is parallel to the current path and
perpendicular to the direction of oscillations are presented in the Table 6.2.
When the beam oscillates and the magnet frame holder is perpendicular to the beam, current
is generated. When the beam oscillates and the magnet frame holder is parallel to the beam,
only noise is generated.
There is a range of frequencies of the generator of the wind tunnel for which the beam oscillates
due to the VIV phenomenon.
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Air Velocity (m:s 1) Current
Amp.(mA)
Current Freq.
0 8 N.A.
3.7 8 N.A.
7.5 8:25 N.A.
11.2 8:23 N.A.
13.1 8:25 N.A.
15 8:25 N.A.
Table 6.2: Case when the magnet orientation is parallel to the current path.
The order of magnitude of the generated current is between 8mA and 18:5mA when the magnet
orientation is perpendicular to the current path.
The amplitude of the generated current increases when the magnets are placed closer to the
beam.
It follows that with an electrically conductive doubly clamped beam, placed in a xed magnetic
eld, harvesting energy from the VIV phenomenon is possible provided the magnetic eld is
perpendicular the direction of oscillation of the beam and the current path.
6.1.1.2 Second Topology of Homopolar Motor
A prototype of the second topology of homopolar motor is built and is presented in Figure 6.3.
There is tape between the two ring magnets and the disk and the electrical conductor is made
of aluminium alloy.
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Figure 6.3: Second topology of homopolar motor.
If a contact is on the axis and another one is on the edge of the magnet then the structure
rotates. The structure validates the second topology of homopolar motor.
In this experiment the disk radius is longer than the magnet radius and placing the contact on
the rim of the disk what not as successful as placing the contact on the rim of either of the
magnets.
An explanation could be a dierence in the magnetic eld direction for a rst circular section
of the disk that is located between the magnets and a second section, a ring section, that is not
imprisoned between the magnets.
The second topology of homopolar motor, instead of homopolar generator, was tested and
validated.
6.1.1.3 Electromagnetic Harvester with No Relative Movement
A prototype using conventional fabrication processes is built. It consists of a exible doubly
clamped beam of length L = 250mm, width W = 13mm and thickness T = 0:25mm. The
material used is brass. A copper wire connect the two ends of the beam and a current is
measured with a probe connected to an oscilloscope.
The beam is forced to oscillate with a frequency of 3Hz or 5Hz. The input amplitude of the
oscillation is either 5, 10, 15 or 25mm.
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The inuence of the input amplitude and input frequency, the number of magnets placed (Ta-
bles G.1, G.2, G.3, G.4 and G.5), the width (Tables G.6 and G.7), length (Tables G.8 and G.9),
and thickness, Table G.10 of the beam is tested.
Input Amplitude and Input Frequency
The rst experiment is considered as a reference.
The beam is tested for 4 input amplitudes at 2 dierent input frequencies. The data for the rst
experiment is presented in Table G.1.
A generated current is measurable.
In Figure 6.4, the generated current is presented as a function of the input amplitude and the
graph is plotted for an theoretical input frequency of f=3Hz and f=5Hz. As in the experiment
the input frequency was not exactly 3 or 5 Hz then in the legend, the frequency is the average
measured current frequency, it is assumed the generated current has the same frequency as the
input force.
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Figure 6.4: Exp. 1: Number of magnets: 1.
The generated current increases when the input amplitude Ain and the input frequencyf in-
crease.
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One issue is to conrm that the generated current depends more on the velocity of the magnetic
eld than on the acceleration of the movement. Hence the trend line for all the experiments are
plotted for two cases. The rst one for the case the current is a function proportional to Ain f ,
a velocity and the case the current is a function proportional to Ain  f2, an acceleration. If
the trend coecient of rst case is larger than the one of the second case then it conrms the
generated current is more proportional to a velocity than an acceleration. From the ten plots in
Appendix G, the trend is that the current is more proportional to Ain  f than Ain  f2.
Number of Magnets
Four tests were carried out: three with two magnets and three dierent distances between the
two magnets and one with four magnets as shown in Figures 6.5 and 6.6.
Figure 6.5: Electromagnetic Harvester with two magnets.
Figure 6.6: Electromagnetic Harvester with four magnets.
The values are presented in the Tables G.2 to G.5 in Appendix G. The plots are presented in
Figures G.1,G.2, G.3 and G.4. The comparison is presented in Figure 6.7.
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Figure 6.7: Inuence of the number of magnets on the generation.
The power increases when the number of magnets increases.
For a same number of magnets, the power increases when the distance between the magnets is
reduced.
It can be interpreted as the area of the beam located in between the magnets are also in a
magnetic eld and hence the increase of generated current.
Width
Two tests are carried out for the inuence of the width. One with W = 20mm and another one
with W = 6mm.
The values are presented in the Tables G.6 and G.7 in Appendix G. The plots are presented in
Figures G.5 and G.6. The comparison is presented in Figure 6.8.
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Figure 6.8: Inuence of the width on the generation.
As the width increases, the current generated increases.
An interpretation is that the area under the magnet concerned by the electromagnetic interaction
is larger when the width is larger.
Length
Two tests are carried out for the inuence of the length as presented in Figure 6.9. One with
L = 350mm and another one with L = 200mm.
The values are presented in the Tables G.8 and G.9 in Appendix G. The plots are presented in
Figures G.7 and G.8. The comparison is presented in Figure 6.10.
Figure 6.9: Experiment testing the inuence of the length.
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Figure 6.10: Inuence of the length on the generation.
As the length increases the current generated decreases.
An interpretation is that as the ends of the beam are closer to the magnets when the beam is
small then there is an inuence of the magnetic eld on the beam which is stronger.
Thickness
One experiment is carried out for the inuence of the thickness as presented in Figure 6.11. The
thickness is then with T = 0:75mm.
The values are presented in the Table G.10 in Appendix G. The plots are presented in Figure G.9.
The comparison is presented in Figure 6.12.
Figure 6.11: Experiment testing the inuence of the thickness.
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Figure 6.12: Inuence of the thickness on the generation.
As the thickness increases the current generated increases.
An interpretation is that as the beam is thicker more current is generated during the operation.
6.1.2 Conclusions
The principle of harvesting energy from VIV using a beam and a magnet with a particular
orientation glued on the beam is validated.
The excitation amplitude and frequency, the number of magnets, the dimensions of the beam,
the material the beam is made of, have an inuence on the generated current.
6.2 Summary of Chapter 6 233
6.2 Summary of Chapter 6
The contributions to research in this chapter are summarized.
A prototype is built and tested in order to validate the feasibility of harvesting energy from
Vortex-Induced-vibrations. The experiment validates the fact that harvesting energy from VIV
is possible.
A device is built and tested in order to conrm that the second topology of homopolar machines
works. The experiment illustrates successfully that the second topology homopolar motor exists.
The rst prototype is tested to analyze the inuence of dierent parameters on the new energy
harvesting structure presented in Chapter 5. The parameters tested are the input parameters,
the number of magnets, the width, the length and the thickness.
A second prototype is built using MEMS fabrication processes and tests on this structure is part
of future work.
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Chapter 7
Conclusions and Future Work
The contributions are summarized and the main points of the conclusions are recalled. Future
work is then identied and a list of publications and deliverables is given.
7.1 Summary of the Contributions
The overall contributions are given and then the contributions are presented by Chapter.
Overall Contributions
The contributions are divided into two parts: the ones for the complete energy harvesting system
of the MOBESENS project and the others for a new structure of energy harvester at a microscale
level.
In the rst part, the rst contribution is a comparison between power densities of dierent energy
harvesting mechanisms extracting energy from an aquatic environment. The issue is that the
compared systems do not share the same energy conversion principle. In addition the comparison
takes into account the issues of scaling. The second contribution is a practical example of the
optimization of the power transfer between the dierent parts of the energy harvesting complete
system.
In the second part, the main contribution is to prove the feasibility of a new concept for an
electromagnetic energy harvesting structure extracting energy from Vortex-Induced-Vibrations.
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The contributions are the design and the experimentation at dierent scales of a new electro-
magnetic energy harvesting structure. The experiment is tested over a range of parameters such
as the length and the number of permanent magnets.
Introduction
The energy harvesting challenge of the MOBESENS project was presented. The focus of the
MOBESENS project was the design of autonomous and mobile Wireless Sensor Networks (WSN)
of water quality monitoring platforms able to operate in dierent aquatic environments (sea, lake,
river,...).
Potential sources of energy for autonomous and mobile water quality monitoring were identied.
A table classifying energy conversion mechanisms potentially useful for energy harvesting to
provide power to a platform in an aquatic environment was provided.
Literature Review
As waves in water constitute an energy source with a high power density, parameters were
identied for the water wave model used in the comparison.
A review was performed on wave energy conversion mechanisms and alternatives to wave en-
ergy conversion in an aquatic environment that already exist even if their use is for dierent
applications such as large-scale power generation.
A review of energy harvesting and of power management circuits specic to resonant kinetic
energy harvesters was performed.
Comparison of Energy Harvesters in an Aquatic Environment
The scaling laws presented in [78] were explained so that they could be directly applied to
output power expressions of existing energy converters and thus help in comparing systems with
dierent sizes.
An energy transfer diagram was used to illustrate the dierent stages in the power transfer
between the energy source and the load of the system.
Output power formulae were derived from dierent models of potential energy harvesting solu-
tions in a marine environment and are summarized.
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The value of the dierent parameters were chosen and the restrictions of the characteristic length
for each mechanism were detailed.
The output power of eight mechanisms were drawn in log-log graphs as functions of the char-
acteristic length. Several graphs were plotted with dierent couples of wave height and wave
frequency. Interpretations of the graphs were given.
The choice of energy harvesting mechanism for the MOBESENS project was explained. Three
potential structures: the inertial pendulum, the inertial disk and a variant of the inertial disk,
were developed for the energy harvester of the MOBESENS project and simulations for expected
output power were performed.
Optimization Using Load Adaptation and Integration
The specic requirements for the power management circuit that interfaces the energy harvesting
generator of the MOBESENS project and its load were discussed.
The analogy between the energy harvesting generator and its electrical equivalent model plus
the application of the Load Adaptation principle with a complex load were extended from the
work of [76] so that they can be applied to the MOBESENS energy harvesting generator model.
The choice of power management circuit was done. Simulations of the complete system in which
the H-bridge is implemented were performed for two cases. The simulations contributed to the
validation of the choice of the H-bridge.
A mechanical prototype of the energy capture part was built and it was connected to the H-
bridge power management circuit. The energy harvesting generator was integrated into the
kayak from IFREMER for a test session in a real aquatic environment.
Energy Harvesting from Vortex-Induced-Vibrations
A presentation of two topologies of homopolar generator was done. It is identied that, unlike
the rst topology, the second topology presents a specic advantage when the design of micro-
electromagnetic devices is performed. It was also identied that the instinctive reaction of
associating electromagnetic interactions with a relative movement restrains the potential designs
in electromagnetic energy harvesters.
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An introduction to the Vortex-Induced-Vibrations (VIV) phenomenon is provided. It was identi-
ed that at a microscale level VIV can be a source of energy for a new structure of electromagnetic
energy harvester.
A structure of a new electromagnetic energy harvesting MEMS generator based on Vortex-
Induced-Vibrations is developed. The main advantage of this structure relies on the reduction
of layers needed in the fabrication process.
The theoretical frequency of this new electromagnetic energy harvester was determined for a
given uid ow speed and a given length of the beam.
Experiments
The prototype of the homopolar motor was built. The second topology of homopolar generator
in which there is no relative movement between the magnets and the electrical conductor was
illustrated.
For the experiment using conventional processes, the principle of harvesting energy from VIV
was validated and dierent sets of initial conditions and dierent parameters were tested.
7.2 Summary
Introduction
In this work the rst objective is the development of an energy harvesting system providing
power at a microscopic scale for a platform monitoring water quality and the second objective
is the development of a new structure of electromagnetic energy harvester based on Vortex-
Induced-Vibrations.
Dierent energy harvesting mechanisms specic to an aquatic environment already exist however
the majority of them are for large-scale power generation.
Literature Review
In an aquatic environment, water waves can be considered as one of the potential sources for
an energy harvester because of their power density. However the aquatic environment causes
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additional constraints on the design of the mechanisms. In the review of dierent wave energy
converters and their alternatives in an aquatic environment, it is noticed that structures of the
mechanisms interacting with the energy source are various. The choice between the dierent
mechanisms for the transducer of an energy harvester is, at rst sight, large.
An energy harvester represents an alternative to a battery for Wireless Sensor Networks appli-
cations. The complete energy harvesting system is composed of an energy harvesting generator
and its load.
The power management circuit for the energy harvesting complete system is specic. After
the practical design of the structure of the harvesting generator, the power management circuit
is the second possibility of optimizing the energy harvesting process. In particular for kinetic
energy harvesters with a resonance, the power management circuit can \tune" the harvesting
generator.
Comparison of Energy Harvesters in an Aquatic Environment
The scaling laws presented in [78] prove that the power density generated by a system does not
depend linearly on the scale transformation ratio.
The energy transfer between an energy source and the load of an energy harvesting system
can be decomposed into several stages. Some stages such as the hydroelectric conversion are
simplied.
Expressions of average output power show that this average output power depends on the char-
acteristic length Lc and the wave parameters.
In general, devices for which the power density depends on a large power n of the scale trans-
formation ratio achieve theoretically better power densities at large sizes, and those for which it
depends on a small n achieve better power densities at small sizes.
Concerning the choice of energy harvester for the MOBESENS project, in addition to a fair
eciency, inertial structures at a miniaturized scale have the robustness and do not need to be
anchored to any structure.
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Optimization Using Load Adaptation and Integration
The specic requirements of a power management circuit of a complete energy harvesting system
are the maximization of the power transfer between the two parts of the system and also the
control of the energy stored if the energy extraction is higher than the energy needs of the load.
The energy harvesting generator of the MOBESENS system is similar to a second order mass-
spring-damper energy harvesting model.
An H-bridge structure was chosen for the power management circuit of the energy harvester.
A prototype of the energy harvesting transducer was built and then the energy harvesting
complete system was tested in real conditions.
Energy Harvesting from Vortex-Induced-Vibrations
There are two dierent topologies of homopolar generator. In the rst topology there is a
classical electromagnetic interaction. In the second topology the electromagnetic interaction no
longer relies on a relative movement between a magnet and an electrical conductor but it relies
on the invariance of the magnetic eld in this particular design.
The new design of electromagnetic energy harvester is based on a beam and a magnet and it
behaves as the second topology of homopolar generator. However instead of rotating the magnet
oscillates.
The absence of rotating or sliding moving parts in the structure simplies the fabrication of the
generator when at a MEMS scale.
The frequency for which the new energy harvester can harvest energy from Vortex-Induced-
Vibrations relies on the length and the thickness of the beam as well as the Reynolds Number
of the uid in which it is immersed.
Experiments
The prototype of the homopolar motor illustrates the electromagnetic interaction of the second
topology.
For the experiment using conventional processes, dierent sets of initial conditions show that
increasing both the magnetic eld and the frequency increases the generated current.
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7.3 Conclusions
The dierence between energy harvesting and energy generating is the specic use of ambient
energy to provide power for a low-power load (a sensor for example). In the aquatic environment
the oscillations of a boat around its pitch axis is a source of ambient energy that could be
harvested by an energy harvester.
Choosing an energy harvester structure is specic to the application as the harvester extracts
energy from the ambient environment of the device. In this work the choice of the energy
harvesting mechanism is based on a comparison and on additional constraints. The comparison
is between the dierent power densities at a small scale of existing mechanisms, some already
exist for large-scale power generation, in an aquatic environment. The additional constraints
concern the design, as the harvester is for a mobile application it must not be anchored for
example, and the feasibility for small scale adaptation.
The objective of justifying a choice of mechanism specic to an aquatic environment is achieved
because all the existing mechanisms potentially useful for harvesting were rst classied and
then compared. The selection may not be the most appropriate for all conditions however it is
the most appropriate for the requirements of the MOBESENS project. The main requirement
was the mobility of the nodes.
As the power harvested is low, the prototyping of the energy harvester included a power con-
ditioning circuit for maximizing the power transfer between the generator and the load of the
energy harvesting complete system. The test of the complete system worked in laboratory condi-
tions and the test in real aquatic condition were successful for the second session of experiments.
The objective of building a complete energy harvesting system was achieved but obtaining
results from the rst test session in a real aquatic environment was prevented by one technical
reason the entire measuring process failed to be embedded. However, in the second test session
presented in the deliverable D5.2 of the MOBESENS project, results were obtained. The power
conditioning circuit is useful in an energy harvesting complete system as the target is not the
maximum power harvested but the maximum power transferred.
From this work it can be concluded that if the load of the energy harvesting system is low-
powered, energy harvesters extracting energy from water waves for a mobile Wireless Sensor
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Network operating in an aquatic environment are a viable new solution. The specicity of
harvesting energy from waves in the water is that it provides a larger range of applications: it
can harvest energy from both surface and sub-surface environment continuously.
As the waves are the energy source of the system, taking more into account the nature of the
waves and the optimization of the structure of the energy harvester by using lighter materials
constitute some of the next stages.
The work presented in the rst section of this thesis correspond to the Work Package 5 of the
MOBESENS project. The work for the MOBESENS project was carried at a centimetre scale
rather than a millimetre or micrometre scale. This raised the issue of the miniaturization of
the energy harvesters. Energy harvesting at a smaller scale in an aquatic environment and
prototyping energy harvesters using MEMS fabrication processes were considered.
Secondly, this work provides a validation of a new technique of electromagnetic energy harvesting
generation. The designed structure harvests energy from Vortex-Induced-Vibrations of a uid
in which it is immersed. Its main advantage is the simplication of the design so that, at a
microscale level, the number of additional layers needed is reduced in the fabrication of the
harvester.
The identication of the use at a MEMS scale of the second topology of homopolar machines
has not been done before.
In the experiment using conventional fabrication processes the generated current depends on
the amplitude and frequency of the excitation, the number and position of permanent magnets,
the dimensions and also the conducting properties of the material used for the beam. Using
MEMS fabrication processes a prototype was built but it could not be tested. In addition, the
substitution between brass and another material with dierent ferromagnetic properties should
be studied.
In the rst experiment using conventional processes if this new harvester were to be compared to
a conventional electromagnetic interaction with a electrical conductor moving in a xed magnetic
eld, then the power density of the new harvester is signicantly lower. However if the goal is
not the maximum power harvested then, at a MEMS scale, this new design may turn out useful.
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The measurement of the generated current for the experiment using the device fabricated with
MEMS processes is an issue.
The work presented in this thesis is important as it presents an approach to energy harvesting
from an aquatic environment at dierent scales. The issues for the fabrication of the devices
dier with the scale.
7.4 Publications and Deliverables
The publications and deliverables are listed in Table 7.1.
Type Publications and Deliverables
Conference Paper L.D.A. Thorner, P.D. Mitcheson, A.S. Holmes, and E.M.
Yeatman, \Scaling Laws for Energy Harvesters in a Marine
Environment", PowerMEMS 09, September 2009
Deliverables
Deliverable \UD5.0-WP5 First Year Report", MOBESENS
Project, May 2009
Contribution to the deliverable \D5.2- WP5 Electronics and
Power Management Report", MOBESENS Project, Novem-
ber 2010
Presentations
\Energy Harvesting for Marine-Based Wireless Sensor Net-
works", Energy Harvesting and Storage IdTechEX Confer-
ence, Cambridge, June 2009
Contribution to \Monitoring and Control of Critical In-
frastructures: Water. MOBESENS Project", Concertation
Meeting on Wireless Sensor Networks and Cooperating Ob-
jects, Brussels, March 2009
Posters
\Scaling Laws for Energy Harvesters in a Marine Environ-
ment", PowerMEMS 09, Washington D.C., December 2009
\Mobesens: Energy Scavenging and Mobility of Nodes",
ICT 2010, Brussels, September 2010
Abstract submission L.D.A. Thorner, K. Nunna, P.D. Mitcheson and A. As-
tol,\Passivity Based Control for Maximum Power Output
of a Flow Induced Energy Harvester", PowerMEMS 2012,
August 2012
Table 7.1: Publications and Deliverables.
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7.5 Future Work
One of the main assumptions for the comparison concerns the waves and states that they are
sinusoidal. Taking into account a spectrum of frequencies for the wave model is one possibility
to obtain a better approximation of the output power of the selected devices.
From the simulation of the power management circuit of the energy harvester, there is a pos-
sibility to implement a controller that provides a more appropriate control of the values of the
matching input impedance.
The application point of the force applied on the energy harvesting beam by the uid in which
the beam is located is the centre of the beam. If a more precise description of the force applied
on the structure is implemented, the expression of the natural frequency of the structure would
be more accurate.
Other experiments at a centimetre scale should be performed using dierent types of electrically
conductive materials which also present ferromagnetic properties. A similar structure with a
beam that is simultaneously an electrical conductor and a magnet, a exible iron beam which is
magnetized in the appropriate way is the main direction to investigate in order to improve the
gain of space of this technique.
Also dierent shapes and bistability for the beam could also be tested to investigate their eect
on the amplitude of oscillations.
A prototype using MEMS fabrication processes was built.
The fabrication of a device using MEMS was divided into two stages: the design of the device
as a succession of 2D layers and then the fabrication (layer deposition, insulation using a mask
and etching).
For simplication purposes, this design respected the constraint of designing only one mask.
The mask was designed and it is presented in Figure 7.1.
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Figure 7.1: Design of the mask in AutoCAD.
After the fabrication process only the beams of dimension 535m were fully completed (In Fig-
ure 7.2 from top to bottom the beams have a thickness of 50m, 100m and 535m respectively).
In the fabrication process the etching was too long for the 50m and 100m beams.
Figure 7.2: Devices fabricated using MEMS processes.
The magnets for the prototype of the energy harvester at a microscale level that could be
used are presented in Figure 7.3. On the right the smallest magnets found are of dimension
0:2  0:5  0:5mm.
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Figure 7.3: Magnets used for the MEMS devices.
The prototype mounted on the frame is presented in Figure 7.4.
Figure 7.4: Experiment setup for the micro doubly clamped beam.
The measurement of the current is an issue at this scale.
The fabrication using MEMS processes has dierent constraints compared to the fabrication
using standard processes as the device is built using a succession of 2D layers.
The challenges oered by this miniaturization are the assembly process for attaching the micro-
magnets to the beam, the measurement of the created current and the design improvements of
the structure in order to enhance the amplitude of oscillations.
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Appendix A
Mathematical Tools for Fluid
Dynamics
The aim of this appendix is to introduce the operators Del, Gradient, Divergence, Curl and
Laplacian. Some particular properties are also briey presented.
Scalar and vector Fields
Let's suppose a 3D cartesian coordinate system with coordinates (x,y,z) with unit vectors
(~ei; ~ej ; ~ek). The coordinates of a vector ~A in the basis are
0BBBB@
Ax
Ay
Az
1CCCCA
A scalar eld associates one point M of the space to a real value.
A vector eld associates one point M of the space to a vector (with 3 components because the
considered space is in 3D).
Suppose f is a scalar eld and ~u is a vector eld.
A typical vector eld in Fluid Dynamics is the velocity of a uid particle.
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Figure A.1: Vector ~A.
Operator Nabla or Del
~grad fr =
0BBBB@
@
@x
@
@y
@
@z
1CCCCA (A.1)
Strictly speaking, Del is not a specic operator, but rather a convenient mathematical notation
for the gradient, the divergence, the curl and the Laplacian.
Operator Gradient
r ~grad f =
0BBBB@
@f
@x
@f
@y
@f
@z
1CCCCA (A.2)
The gradient ~grad f can also be denoted ~rf . The gradient operator is applied to a scalar eld
and transforms it into a vector eld. It indicates the greatest variation of the considered scalar
eld and it gives an information on the strength of this variation.
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Operator Divergence
div ~u =
@ux
@x
+
@uy
@y
+
@uz
@z
(A.3)
The divergence div ~u can also be denoted r  ~u. It transform a vector eld into a scalar. In this
report, the divergence is linked to the local expression of conservation of the mass of an element
of uid. This local expression links the mass, the volume and the velocity of an element of uid.
Supposing that a uid is non-compressible is equivalent to nullify the divergence of its velocity
~v:
div ~v = 0 (A.4)
A direct application is for a non-compressible uid in a pipe, if the velocity v1 is constant on
one section S1 of the pipe than v1S1 = v2S2.
Operator Curl
~rot ~u =
0BBBB@
@
@x
@
@y
@
@z
1CCCCA ^
0BBBB@
ux
uy
uz
1CCCCA =
0BBBB@
@uz
@y   @uy@z
@ux
@z   @uz@x
@uy
@x   @ux@y
1CCCCA (A.5)
The curl ~rot ~u can also be denoted r^ ~u. The curl operation transforms the vector eld
into another vector eld. It expresses the tendency of a eld to rotate around a point.
Operator Laplacian
f = div( ~grad f) (A.6)
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The Laplacian f can also be denoted r2f . The Laplacian can also be applied to a
vector eld. In that case it is dened by ~u = (ux)~i+ (uy)~j + (uz)~k.
Mathematical Properties
~rot

~grad f

= ~0 (A.7)
This property is useful for
div
 
~rot ~u

= 0 (A.8)
This property is useful for

~u: ~grad

~u = ~grad

u2
2

+ ~rot ~u ^ ~u (A.9)
This property is useful for
~rot
 
~rot ~u

= ~grad (div ~u) ~u (A.10)
This property is useful for
div (f~u) = f div ~u+

~u: ~grad

f (A.11)
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Appendix B
Navier-Stokes Equation
Stockes-Navier Equations
Introduction: In order to study the movement of an element of uid, there is a need for the
determination of its acceleration.
Prerequisite: Denition of the Acceleration of an Element of Fluid
Supposing the velocity vector eld of the uid ow is named ~v and the trajectory of an element
of uid (Figure B.1) is named ~r.
The dierential of the velocity is given by:
d~v =
@~v
@t
dt+
@~v
@x
dx+
@~v
@y
dy +
@~v
@z
dz (B.1)
During dt, the element of uid is shifted (Figure B.1):
d~r = ~vdt (B.2)
Thus,
dx = vxdt, dy = vydt and dz = vzdt (B.3)
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Figure B.1: Acceleration of an element of uid (from [106]).
Reporting in B.1
d~v
dt
=
@~v
@t
dt+
@~v
@x
vxdt+
@~v
@y
vydt+
@~v
@z
vzdt (B.4)
The acceleration of an element of uid is consequently given by
~a =
d~v
dt
=
@~v
@t
+
@~v
@x
vx +
@~v
@y
vy +
@~v
@z
vz (B.5)
~a = @~v@t + (~v:
~grad)~v
~a = @~v@t +
~grad

v2
2

+ ~rot ~v ^ ~v
(B.6)
Navier-Stokes Equations
Newton's Second Law of motion applied to an element of non-compressible uid taking
into account the viscosity force leads us to the Navier-Stokes equation:
~a = 

@~v
@t + (~v:
~grad)~v

=   ~gradP + ~g + ~v; 8t;8~x
div~v = 0
 = K; with K constant
and the condition at the interface uid-body is ~v   ~vBody = ~0
(B.7)
Another way to express the Reynolds number
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The term linked to the transfer of momentum by convection is (~v: ~grad)~v and the term linked
to the diusion of momentum is ~v.
The Reynolds number can be dened as the ratio between these 2 terms
Re =
(~v: ~grad)~v
k~vk =
v21
D
v1
D2
=
Dv1

(B.8)
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Appendix C
Elasticity
This appendix is a summary of denitions concerning elasticity, stress, strain, Youngs modulus
and Poisson ratio.
Elasticity, Stress and Strain
Elasticity, stress and strain are presented in this section.
Denition of Elasticity
A material that is elastic has the ability to deform in response to applied forces and recover
their original shape when the force is removed [107]. To some extent, all materials can deform
elastically without breaking or developing a permanent shape change. However there exists a
limit for each a material above which it can break if the applied forces are too large.
Denition of Stress
A stress is dened microscopically as the force per unit area acting on the surface of a dierential
volume element of a solid body [107]. Stress is assumed to act uniformly across the entire surface
of the element, not just a point (supposing suciently small deformations).
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Figure C.1: Normal stresses acting on a dierential volume element.
A stress that is perpendicular to a dierential face is called normal stress (denoted ) as described
in Figure C.1.
Forces acting along the faces are called shear forces and the corresponding shear stresses are
labeled with double subscripts, the rst subscript identifying the face and the second identifying
the direction as described in Figure C.2.
Figure C.2: Shear stresses acting on a dierential volume element of dimensions x;y;z.
An important assumption is that the dierential volume element is in static equilibrium. It
results in the fact that there are no net forces or torques applied on it. Further, on the three
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invisible faces of the dierential volume element there must be stresses acting opposite to those
shown on the visible faces. Thus we have:
xy = yx (C.1)
xz = zx (C.2)
yz = zy (C.3)
The unit of stress in Pa (N:m 2). For solid materials, the relevant stresses turn out to be in the
MPa or GPa range. Stress is particularly important in geology.
Denition of Strain (adapted from [107])
When forces are applied to a solid body deformations can appear. The strain is the dierential
deformation resulting from the application of stress on the element of solid. It is expressed as
change in length per unit length and consequently it is dimensionless.
Deformation is dierent from rigid-body motion such as translation and rotation. Deformation
motion requires consideration of the variation of displacement with position. This leads us to
the dierential denition of strain.
There two basic types of strain: uniaxial strain and pure shear strain. The uniaxial strain is
specic to deformation along an axis while the pure shear strain concerns angular deformation.
Figure C.3 illustrates the uniaxial strain of a dierential element with initial length x
The displacement ~u is a vector function depending on the original position x. In Figure C.3,
considering only the x-component of the displacement vector, the change in length is:
~ux(x+x)  ~ux(x) (C.4)
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Figure C.3: Uniaxial normal strain (adapted from [107]).
The strain is dened as the ratio between the change in length per original unit length, in this
example the axial strain x at point x is:
x =
ux(x+x)  ux(x)
x
=
@ux
@x
(C.5)
If the displacement ~u were independent of the position x then all parts of the body would move
by the same amount in the direction such as a rigid-body translation and there would be no
strain.
Figure C.4 illustrates the pure shear strain of a dierential element with initial length x and
initial width y.
In a similar way to the denition of uniaxial strain the pure shear strain is dened as a sum of
two ratios of a change of length to the length.
xy =
uy(x+x)  uy(x)
x
+
ux(y +y)  ux(y)
y
=
@uy
@x
+
@ux
@y
(C.6)
It can be noticed that shear strain is equivalent to the sum of two angles, 1 and 2 in Figure C.4.
If the y-component of the displacement vector is independent from x or if the x-component of the
displacement vector is independent from y then there is no angular deformation. It is necessary
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Figure C.4: Pure shear strain (adapted from [107]).
to distinguish any rigid-body rotation that accompanies the deformation from the deformation
itself.
It is possible to predict the strain of an elastic material given the type of material and the stress
applied. Linear relations between stress and strain are dened by the Poisson Ratio.
Youngs Modulus, Poisson Ratio and Shear Modulus
The Youngs Modulus is a constant of proportionality and the Poisson ratio is a set of linear
relations between stress and strain.
Prerequisite: Denition of Isotropic Materials
Isotropic materials are those with no internal ordering or structure that would make the stress-
strain responses depend on direction [107].
Denition of Young's Modulus
For isotropic materials, a uniaxial stress results in a uniaxial strain that is proportional to the
stress. Given an element of solid, a normal stress in the x direction as shown in Figure C.1 is
linearly related to the uniaxial strain in the x direction as shown in Figure C.3. It leads to:
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x = Ex (C.7)
For the other normal-stress directions there are equivalent expressions:
y = Ey (C.8)
z = Ez (C.9)
The proportionality constant is called Youngs modulus and is denoted by E. Its dimension is
the same as the one for stress, i.e. Pa. Typical values of E range from a few GPa for soft
materials and to several hundred GPa for sti materials.
Denition of Poisson's Ratio
When a free-standing object is deformed by a normal stress, resulting in a uniaxial strain, there
is a contraction in the directions transverse to the uniaxial strain, as illustrated in Figure C.5.
The contractions can be written in terms of displacements. The change in longitudinal and
lateral strains are in general opposite in nature. The Poisson ratio is a measure of this tendency.
Figure C.5: Poisson contraction in the yz-plane when an area isotropic element of square cross-
section is deformed with a normal stress in the x-direction.
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For example in the y-direction if the original length is y the deformed length is written y +
uy. For linear elastic isotropic materials we write:
y =  x (C.10)
with  the Poisson Ratio.
The Poisson ratio is dimensionless, and typically has a value between 0 and 0:5.
The Poisson ratio can be obtained from considering the change in volume of a three-dimensional
dierential volume element subjected to a uniaxial stress x The dimensions of the deformed
volume element are:
x = x(1 + x) (C.11)
y = y(1  x) (C.12)
z = z(1  x) (C.13)
The net result is that the change in volume V is given by:
V = xyz(1 + x)(1  x)2  xyz (C.14)
For small strain the change in volume is given by:
V = xyz(1  2x)x (C.15)
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Shear Modulus
In a similar way to the Young's modulus, a linear relation between the shear stress and the
resulting shear strain also exist: the shear modulus denoted G. For instance if a shear stress
   xy creates a shear strain xy the two quantities are linked with:
xy = Gxy (C.16)
The shear modulus, the Youngs modulus and the Poisson ratio are related by:
G =
E
2(1 + )
(C.17)
several other ways of dening relations between stress and strain have been created. There exist
relations that link the dierent constants to the Youngs modulus and the shear modulus.
Elasticity and Materials
Isotropic Elasticity in 3D
Generalized for the three dimensions, the complete stress-strain relations for an isotropic elastic
solid are denoted generalized Hooke's Law.There are dened by:
x =
1
E
(x   (y + z)) (C.18)
y =
1
E
(y   (z + x)) (C.19)
z =
1
E
(z   (x + y)) (C.20)
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xy =
1
g
xy (C.21)
yz =
1
g
yz (C.22)
zx =
1
g
zx (C.23)
Elasticity in Anisotropic Materials
A crystalline material is anisotropic: relations between stress and strain depend on the direction.
More than two elastic constants are consequently needed to describe the stress-strain relations.
Symmetry considerations reduce the number of parameters to 21.
As a result, a compact notation has been developed for elasticity. The six independent com-
ponents of stress and strain, generally written in a coordinate system that has axes along the
symmetry axes of the material, are organized into a columnvector array, and the elastic constants
are written in a symmetric matrix CIJ :
0BBBBBBBBBBBBBB@
x
y
z
yz
zx
xy
1CCCCCCCCCCCCCCA
=
0BBBBBBBBBBBBBB@
C11 C12 C13 C14 C15 C16
C12 C22 C23 C24 C25 C26
C13 C23 C33 C34 C35 C36
C14 C24 C34 C44 C45 C46
C15 C25 C35 C45 C55 C56
C16 C26 C36 C46 C56 C66
1CCCCCCCCCCCCCCA
0BBBBBBBBBBBBBB@
x
y
z
yz
zx
xy
1CCCCCCCCCCCCCCA
(C.24)
The inverted matrix is denoted SIJ the matrix of the compliance coecients for the considered
material.
Stiness Coecients for Silicon
The stiness coecients of silicon are:
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C =
0BBBBBBBBBBBBBB@
C11 C12 C12 0 0 0
C12 C11 C12 0 0 0
C12 C12 C11 0 0 0
0 0 0 C44 0 0
0 0 0 0 C44 0
0 0 0 0 0 C44
1CCCCCCCCCCCCCCA
(C.25)
with:
C11 = 166 GPa
C12 = 64 GPa
C44 = 80 GPa (C.26)
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Appendix D
Bending Theory of beams
Parameters for the Study of Cantilevers
In this Appendix, the denition of the second moment of area precedes the brief description of
the dierent parameters of a cantilever. The reasoning is the similar for the doubly clamped
beam.
Second Moment of Area
The second moment of area is a property of a cross-section of a beam. The unit used is m4. The
second moment of area is used for predicting the resistance of a beam to bending and deection
around an axis that lies in the cross-sectional plane. The bending and the deection not only
depend on the load but also on the geometry of the beam's cross-section. Larger values of second
moment cause smaller values of stress and deection.
Figure D.1: Second moment of area.
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Ixx =
bd3
12
(D.1)
For future calculations on a cantilever bean such as the one presented in Figure D.1, the oscil-
lations occur in the plane yOz, the axis chosen is thus x. As the oscillations are vertical (y)
and the chosen axis is x then the cross-section is in the plane yOx. By denition b is the width
and d is the thickness. The second moment of area Ixx used in the calculation of the beam
deection heavily depends on choice of d. Consequently in the formulation in equation D.1, it
is understandable that the second moment of area depends on d3.
Cantilever Beam
In the bending theory for cantilever beams three types of support can be used: built-in, pinned
or constrained Roller.
Moreover there are two dierent types of load: point load or distributed load.
In the reference case of a cantilever with non distributed load, the second moment of area is
a property of the geometry of a section. It is dened towards an axis or a point. The second
moment of area is used to calculate the resistance of the beam to bending and deection around
an axis that lies in the cross-sectional plane. It conveys the way in which the cross-sectional
area is dispersed around a reference axis.
As far as the cantilever deection is concerned, the cantilever behaves like a linear spring with
stiness k with k = 3EIL .
The deection of the beam and the stiness of the equivalent linear spring can be calculated for
other types of beam structures such as the doubly clamped beam.
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Appendix E
Matlab Code for the Doubly
Clamped Beam
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Appendix F
Expression of the Active Power
P =
a jUTH j2
(a+Re fZTHg)2 + (b+ Im fZTHg)2 (F.1)
The value of a and b are to be determined so that the active power P is maximized.
The denition of the new variables used are given in table F.1.
Parameters Denition
u u = a
v v = (a+Re fZTHg)2 + (b+ Im fZTHg)2
Table F.1: Parameters for the expression of the optimal impedance of the load.
The expression of the power P becomes:
P =
u
v
jUTH j2 (F.2)
The derivation implies the derivation of u and v.
Partial Derivation against the Parameter a
The derivation of u against a is given by
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@u
@a
= 1 (F.3)
The derivation of v against a is given by
@v
@a
= 2(a+Re fZTHg) (F.4)
The partial derivation of P against a is given by
@P
@a
=
(Re fZTHg2   a2) + (b+ Im fZTHg)2
[(a+Re fZTHg)2 + (b+ Im fZTHg)2]2 jUThj
2 (F.5)
Maximizing P implies nding a so that @P@a = 0 . Consequently, it is obtained
(Re fZTHg2   a2) + (b+ Im fZTHg)2 = 0 (F.6)
Partial Derivation against the Parameter b
The partial derivation of u and v against b is straightforward and P is derived against the partial
variable b. It leads to
b+ Im fZTHg = 0 (F.7)
System of Equations
Equations F.6 and F.7 constitute a system to solve in order to nd an extremum for the power
P .
8><>: (Re fZTHg
2   a2) + (b+ Im fZTHg)2 = 0
b+ Im fZTHg = 0
(F.8)
Implementing equation F.7 into F.6 results in
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(Re fZTHg2   a2) = 0 (F.9)
Consequently, the optimal expression of a is found
a1 opt = Re fZTHg or a2 opt =  Re fZTHg (F.10)
a must be positive so the only optimal value of a is given by
aopt = Re fZTHg
aopt = Rp +
R( !!n )
2
(1  ( !!n )2)2 + ( !!n )2
(F.11)
Implementing F.10 into F.6 results in a value for b:
bopt =  Im fZTHg
bopt =  
"
Lp! +
R !!n (1  ( !!n )2)2
(1  ( !!n )2)2 + ( !!n )2
#
(F.12)
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Hessian Matrix for the Validation of the Maximum
The validation of the extremum as a maximum uses the corresponding Hessian Matrix of the
system H and if the Hessian matrix is conrmed to be dened negative then P is a maximum.
For simplication purposes, the resistance Rp is considered negligible for the expression of the
Hessian matrix.
The Hessian matrix is given by
H26664a = aopt
b = bopt
37775
=
264  1(2ReZTH)3 jUTH j2 0
0  1
(8ReZTH)4
jUTH j2
375 (F.13)
The eigenvalues of H in equation F.13 are always negative (c > 0). The extremum of the active
power P when a = aopt and b = bopt is a maximum.
Expression of PMax
By implementing aopt (equation F.11) and bopt (equation F.12) in equation F.1 the expression
of PMax is
PMax =
R
4
jIj2 (F.14)
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Appendix G
Experiment Results
The values for the dierent experiments are summarized in tables. The background noise is
BckgndNoise = 450A. In the tables, the measurements are given with the background noise.
Measurements of the peak-to-peak amplitude and the frequency of the generated current under
the given conditions are given.
Reference Experiment: Input amplitude and input frequency
Parameters: N = 1, T = 0; 25mm , L = 250mm, W = 13mm
Input Amplitude (mm)
Expected Input frequency (Hz)
3 5
fcurrent(Hz) Acurrent(A) fcurrent(Hz) Acurrent(A)
5 3.6 500 4.9 587
10 3.2 575 4.8 640
15 3.2 606 5.1 730
25 3.3 760 4.9 950
Table G.1: Measurements (Number of magnets: One).
First Experiment: Number of Magnets
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Parameters: N = 2, Magnet Pos.: 10cm-16cm, T = 0; 25mm , L = 250mm, W = 13mm
Input Amplitude (mm)
Expected Input frequency (Hz)
3 5
fcurrent(Hz) Acurrent(A) fcurrent(Hz) Acurrent(A)
5 4.0 512 5.0 560
10 3.8 575 5.0 700
15 3.8 700 5.1 900
25 4.0 981 5.1 1230
Table G.2: Measurements for the rst experiment (Number of magnets: Two, distance 6cm).
Parameters: N = 2, Magnet Pos.: 11cm-14cm, T = 0; 25mm , L = 250mm, W = 13mm
Input Amplitude (mm)
Expected Input frequency (Hz)
3 5
fcurrent(Hz) Acurrent(A) fcurrent(Hz) Acurrent(A)
5 4.0 575 4.9 730
10 3.5 660 5.0 800
15 3.0 806 4.8 975
25 3.0 975 5.0 1350
Table G.3: Measurements (Number of magnets: Two, distance 3cm).
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Parameters: N = 2, Magnet Pos.: 11.5cm-13.5cm, T = 0; 25mm , L = 250mm, W = 13mm
Input Amplitude (mm)
Expected Input frequency 3 Hz
fcurrent(Hz) Acurrent(A)
5 3.5 581
10 3.6 660
15 3.0 660
25 3.0 960
Table G.4: Measurements (Number of magnets: Two, distance 2cm).
Parameters: N = 4, Magnet Pos.: 8-11-14-17cm, T = 0; 25mm , L = 250mm, W = 13mm
Input Amplitude (mm)
Expected Input frequency (Hz)
3 5
fcurrent(Hz) Acurrent(A) fcurrent(Hz) Acurrent(A)
5 3.0 681 4.7 775
10 3.3 843 4.8 880
15 3.1 950 5 1200
25 3.1 1310 4.9 1590
Table G.5: Measurements (Number of magnets: Four, distance 3-3-3-3cm).
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Second Experiment: Width of the Beam
Parameters: N = 1, T = 0; 25mm , L = 250mm, W = 20mm
Input Amplitude (mm)
Expected Input frequency 5 Hz
fcurrent(Hz) Acurrent(A)
10 5.0 606
25 5.0 1090
Table G.6: Measurements (Width- 20mm).
Parameters: N = 1, T = 0; 25mm , L = 250mm, W = 6mm
Input Amplitude (mm)
Expected Input frequency 5 Hz
fcurrent(Hz) Acurrent(A)
10 5.4 606
25 5.0 906
Table G.7: Measurements (Width- 6mm).
Third Experiment: Length of the Beam
Parameters: N = 1, T = 0; 25mm , L = 350mm, W = 13mm
Input Amplitude (mm)
Expected Input frequency 5 Hz
fcurrent(Hz) Acurrent(A)
10 4.9 556
15 4.7 606
25 5.1 763
Table G.8: Measurements (Length- 350mm).
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Parameters: N = 1, T = 0; 25mm , L = 200mm, W = 13mm
Input Amplitude (mm)
Expected Input frequency 5 Hz
fcurrent(Hz) Acurrent(A)
10 5.1 668
15 5.3 790
25 5.3 1106
Table G.9: Measurements (Length- 200mm).
Fourth Experiment: Thickness of the Beam
Parameters: N = 1, T = 0; 75mm , L = 250mm, W = 13mm
Input Amplitude (mm)
Expected Input frequency 5 Hz
fcurrent(Hz) Acurrent(A)
5 5.0 675
10 5.1 800
15 5.0 1000
25 5.1 1375
Table G.10: Measurements (Thickness- 0.75mm).
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Figure G.1: Exp. 2: Number of magnets 2, position 10  16cm.
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Figure G.2: Exp. 3: Number of magnets 2, position 11  14cm.
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Figure G.3: Exp. 4: Number of magnets 2, position 11:5  13:5cm.
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Figure G.4: Exp. 5: Number of magnets 4, position 8  11  14  17cm.
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Figure G.5: Exp. 6: Width of the beam, W = 20mm.
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Figure G.6: Exp. 7: Width of the beam, W=6mm.
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Figure G.7: Exp. 8: Length of the beam L = 350mm.
285
0
5
10
15
20
25
30
0
10
0
20
0
30
0
40
0
50
0
60
0
70
0
Am
pl
itu
de
 (m
m)
Current (µA)
EX
P:
 9
; N
 =
 1
, P
 =
 1
00
 m
m
, T
 =
 2
50
 µm
, 
L 
= 
20
0 
m
m
, W
 =
 1
3 
m
m
; I
 =
 0
.0
24
10
6*
A*
F 
+ 
−0
.0
03
74
14
*A
*F
2
 
 
D
at
a 
(f =
 5.
16
67
 H
z)
M
od
el
 (f 
= 5
.16
67
 H
z)
0
50
10
0
15
0
20
0
0
20
0
40
0
60
0
80
0
I =
 0
.0
04
83
72
*A
*F
Ve
lo
ci
ty
 (m
m.
s−1
)
Current (µA)
 
 
D
at
a
M
od
el
0
20
0
40
0
60
0
80
0
10
00
0
20
0
40
0
60
0
80
0
10
00
I =
 0
.0
04
83
72
*A
*F
2
Ac
ce
le
ra
tio
n 
(m
m.
s−
2 )
Current (µA)
 
 
D
at
a
M
od
el
Figure G.8: Exp. 9: Length of the beam L = 200mm.
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Figure G.9: Exp. 10: Thickness of the beam T = 0.75mm.
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